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2006 RENCONTRES DE MORIOND 

The XList Rencontres de Moriond were held in La Thuile, Vallee d'Aoste, Italie. 

The first meeting took place at Moriond in the French Alps in 1966. There, experimental 

as well as theoretical physicists not only shared their scientific preoccupations, but also 

the household chores. The participants in the first meeting were mainly French 

physicists interested in electromagnetic interactions. In subsequent years, a session on 

high energy strong interactions was also added. 

The main purpose of these meeting is to discuss recent developments in contemporary 

physics and also to promote effective collaboration between experimentalists and 

theorists in the field of elementary particle physics. By bringing together a relatively 

small number of participants, the meeting helps to develop better human relations as 

well as a more thorough and detailed discussion of the contributions. 

This concern of research and experimentation of new channels of communication and 

dialogue which from the start animated the Moriond meetings, inspired us to organize 

a simultaneous meeting of biologists on Cell Differenciation (1980) and to create the 

Moriond Astrophysics Meeting (1981). In the same spirit, we have started a new series 

on Condensed Matter Physics in January 1994. Common meetings between biologists, 

astrophysicists, condensed matter physicists and high energy physicists are organized 

to study the implications of the advances of one field into the others. I hope that these 

conferences and lively discussions may give birth to new analytical methods or new 

mathematical languages. 

At the XList Rencontres de Moriond in 2006, three Physics sessions, and one 

Astrophysics session were held : 

*March 11-18 

* March 18 - 25 

"Electroweak Interactions and Unified Theories" 

"From Dark Halos to Light: Mass-to-Light Ratio versus Scale" 

"QCD and High Energy Hadronic Interactions" 

"Contents and Structures of the Universe" 
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CMB MAPS WITH CUBIC CORRELATIONS 

RJCHARD A. BATTYE AND ADAM MOSS 
Jodrell Bank Observatory, University of Manchester, Macclesfield SKll 9DL, U.K. 

In a recent paper we have suggested that the effects of a cubic symmetric network of domain 
walls, constituting the dark energy with P / p = -2/3, could create correlations in the cosmic 
microwave background qualitatively similar to those which have been observed. In this short 
note, we review the basic idea and go onto discuss a toy model for such correlations based on 
symmetry adapted harmonics (SASHs) . 

1 Anisotropic perturbations from dark energy 

The assumption of global statistical isotropy (GSI) is one of the most fundamental and commonly 
accepted principles in cosmology. Therefore, it has b een a surprise that the maps of the cosmic 
microwave background (CMB) published by the WMAP team 1 appear to be incompatible 
with this assumption on the very largest scales 2'3. Given the very encouraging agreement of 
measurements on intermediate and small scales with the ACDM model, which is based on the GSI 
assumption, one might be tempted to ignore these anomalies, passing them off a.s an unknown 
instrumental systematic, a consequence of imperfect foreground subtraction, or a combination 
of both. However, no compelling explanation of this kind has yet b een found and attempts to 
explain the observations a.s being due to known local structures cannot provide a sufficiently 
strong effect 4. 

In a recent paper 5, we have put forward an idea which could, at lea.st qualitatively, explain 
this phenomenon. It is based on the idea that the dark energy, thought to be responsible for the 
accelerated expansion of the universe, is a static lattice of domain walls, formed at a low-energy 
scale phase transition due to an unknown discrete symmetry. Such a lattice would behave a.s a 
relativistic analog of a soap film and its macroscopic behaviour could be described by an elastic 
continuum medium similar to a solid; the stability of the lattice is achieved due to the rigidity 
of the network. The medium would have w = P/p � -2/3 (Pis the pressure and p is the 
density) and a relativistic sound speed which allow only perturbations on the largest scales to 
collapse. We note that w = -2/3, while not observationally favoured, is not incompatible with 
the present data 6 .  

The important thing to realise is that, due to causality, the lattice of walls cannot be  com­
patible with GSI - there will be natural imperfections in the lattice a.s a consequence of the 
phase transition and the subsequent "solidification" process. Fortunately, the theory of relativ­
istic elasticity used to model the perturbations in the energy-momentum tensor has the facility 
to incorporate anisotropy 7. In fact, it was pointed out that anisotropic perturbations can be 
classified by the well-known Bravais lattices used in solid state physics. For definiteness, we 
will consider the case where the lattice has cubic symmetry in the subsequent discussion since 
it is the simplest case beyond GSI. Most of what we shall say can be adapted to more general 



0.1 

0.01 

0.001 

' 
' 

' 

' 
' 

' 

' 

..... -- .... 
' 

' 
' ' 

/......--'\. / \ / \,. / '-/ \,. 
0.001 

k 
0.01 

Figure 1: The normalized variance of the power spectrum, K, for a simple model with w = -2/3. The curves 
show varying levels of anisotropy 6µ/ p=O.l, 0.01, 10-3, 10-•, from top to bottom. 

models. 
In this simple (and probably unrealistic case) the anisotropy of the perturbations can be 

quantified in terms of the difference between the transverse rigidity, µT, and the longitudinal 
rigidity, µL, that is !::i.µ = µT - µL. In fig. 1, we plot the kurtosis of the total density field 
(cold dark matter plus dark energy) on very large scales as a function of !::i.µ/p. It can been 
seen that the largest violations of Gaussianity, which are actually due to the anisotropy (NB. 
one can be mistaken for the other 8) are on scales probed by multipoles with € < 10 in the 
CMB anisotropy spectrum. This non-Gaussianity would lead to the power spectrum measured 
on different patches of the sky having unusual statistical properties and the fact that rotational 
invariance is broken will create correlations in the computed multipole coefficients. We shall 
show this explicitly in section 3. 

2 Symmetry adapted harmonics 

It is conventional to decompose the measured temperature anisotropies in terms of the natural 
orthogonal basis functions on a sphere, the spherical harmonics, Yfm(n), and complex coefficients 

/::,.:: (n) = L aemYem(D.) · 

f,m 
(1) 

Standard packages allow the calculation of the aems from an observed map and most analyses of 
the maps are done in terms of them. Under the GSI assumption each of the real and imaginary 
parts of the coefficients are Gaussian random variables with zero mean and variance Ce/ v'2 
where the Ce can be computed for a given theory. 

If a component of the CMB anisotropy has point symmetry (as suggested in the previous 
section) then the natural basis is not the spherical harmonics. This problem has been studied 
in the context of solid state physics and so-called symmetry adapted harmonics (SASHs) have 
been computed. These are combinations of the spherical harmonics which are compatible with 
the relevant symmetries. 

In the case of cubic symmetry in a standard orientation relative to the Cartesian axes, it is 
clear that only€ even and m a multiple of 4 are allowed due to the four-fold symmetry. In the 
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(a) (b) 

(c) (d) 

Figure 2: Hammer-Aitoff projections of the SASHs for (a) C = 4, (b) f = 6, (c) f = 8 and (d) f = 10. The cubic 
symmetry is visually apparent in these plots. 

specific E9 representation of the Oh symmetry group (crystallographic group m3m) the SASHs 
for P = 4, 6, 8, 10 are 9 

X4(ii.) 
X5 (ii.) 
Xs (ii) 

X10(ii) 

0.6455Y4,o (ii) - 0.7638Y4�4 (ii), 
0.9354Y5,o (ii) + 0.3536Y6�4(ii), 
0.6960Ys,o (ii) - 0.3940Y8�4(ii.) - 0.6003Y8�8 (n) , 
0.9 1 14Yi.o,o(fi) + 0.2646Y1'b,4 (n) + 0.3150Y1'b,8 (6.), (2) 

where Yf�(n) = (11£,m(n) + Ye,-m(ii.))/v-12. Maps in the Hammer-Aitoff projection of each of 
these modes are presented in fig. 2. 

3 Toy model for cubic correlations 

As a toy model let us consider an anisotropy field which comprises of two components, one which 
is a Gaussian random field specified by some Ce and the other which has cubic correlations, 

f':..T - f':..T - I f':..T - I -(n) = - (n) + - (Rn) , T T Gaussian T cubic 
(3) 

where R is rotational matrix, specified by a direction and angle, with gives the orientation of the 
cubic symmetry relative to the Cartesian axes. The cubic component can be written in terms 
of the SASHs as 

f':..: (n)I . = L beXe (ii.) , cubic (4) 

where the bg are model dependent coefficients, which in principle can be computed for a specific 
model, and we have assumed that there is only one SASH for each value of £, which is the case 
for low P at least. 

Each of the SASHs can be written in the form 

(5) 
m 
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where the cems can be read off from eqn. 2. It is known that 

Yfm(Rft) = LDlmm'(R)Yem'(ft), (6) m' 
where Demm' (R) is the Wigner D-matrix associated with the rotation R, therefore if one

. 
decom­

poses the cubic component into spherical harmonics, one finds that the multipole coefficients 
are given by 

ai:;,bic =be LCtm'Dtm'm(R) · (7) m' 
One can deduce from this that the cubic symmetry creates correlations amongst the multipole 
coefficients. It would be interesting to see if such an effect can be seen in the present data. 
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Probing dark energy by a multi probe approach 

A.Ealet 
CPPM 

CNRS/IN2P3-Luminy and Universite de la Mediterranee, 
Case 907, F-13288 Marseille Cedex 9, France 

Evidence for the accelerated expansion of the Universe has accumulated in the last decade 
with the many cosmological observations from SNia, CMB, cluster count, and most recently 
baryon oscillations. The theoretical origin of accelerated expansion remains one of the most 
challenging research activities today and a combination and comparison of different probes 
will help to discriminate different origins. In this contribution, we present a method, based 
on a frequentist approach, to combine different probes without any prior and constraints, As 
an application, a combination of current SNia and CMB data with an evolving dark energy 
component is first compared to other analyses. The impact of future weak lensing surveys 
on the measurement of dark energy evolution is then studied in combination with future 
measurements of the cosmic microwave background and type Ia supernovae. 

1 Introduction 

Accelerated expansion on cosmological scales is one of the most challenging issue of the cosmology 
today. A homogeneous, isotropic, matter dominated universe, involving in the standard general 
relativity framework cannot accelerate. To generate acceleration, various theoretical schemes 
are currently invoked. The acceleration can be due to a cosmological constant or to a new 
component, named Dark Energy (DE) , exhibiting or not an evolving energy density with negative 
pressure. In some models, this is the law of gravity on large scales which is modified. 

Extracting dark energy properties thus requires a combined analysis of complementary data 
sets. Many combinations have already been performed in the literature with different types of 
data and procedures. We have choosen to use SNia, CMB and weak lensing which seem powerful 
to constrain the parameters of an evolving equation of state when combined. Considering a 
fiat Universe, we combine the data with a frequentist approach, avoiding the use of priors 
which means using the full correlations between the cosmological parameters and using identical 
assumptions for the dark energy properties of he 3 probes. 

2 The framework 

\Ve have considered here 3 probes in two approachs: 
-we first test our statistical method by an analysis of the first year of \Vmap data: combined 
with the 'Gold sample' data of supernovae of type Ia compiled by Riess et al. 7 

-we then do simulations of mid term and a long term scenario with a fisher analysis. The mid term 
consist of adding the simulation of new data for the CMB expected from the Olimpo 7 balloon, 
a new supernovae SNia sample from SNLS 7 and a weak lensing survey from the CFHTLS ? . 
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The long term scenario is a simulation of space projects as the Planck mission for CMB ? and 
the SNAP/ JDE:l\C project both for SNia and weak lensing. For SNia, we consider an intrinsic 
error of 0.15 for each supernova and we add an irreductible systematic error of 2 % on each 
redshift bin. A sample of 300 nearby SNia as expected by SNfactory? is added in supernovae 
simulations. For the weak lensing simulation, we will only consider modes between £ = 10 and 
20000, avoiding small scales where instrumental systematics and theoretical uncertainties are 
more important. 
The different assumptions used in these simulations for the mid term and long term scenarii 
are summarised in Tab 1 of rer?. The framework and the tools used here can also be found in 
details in 7. As it is not possible to constrain a completely unkni'lwn functional form w(z) of 
the time evolution of the DE equation of state, we adopt a parametric representation: w(z) = 
wo + Waz/(l + z) which has an adequate asymptotic behaviour. We thus use two parameters, 
wo and Wa, to describe the time evolution of the equation of state.We have implemented the 
time evolving parametrization of the equation of state in simulations and analysis of the three 
probes we consider here. 

We limit ourselves to the 9 cosmological parameters: B = Ob, Om, h, ns, T, wo, Wa, A and Ais0, 
with the following standard definitions: 
- (Oi , i=b,m) are densities for baryon and matter respectively (Om includes both dark matter 
and baryons) 
- h is the Hubble constant in units of 100 km/s/Mpc, 
- ns is the spectral index of the primordial power spectrum, 
- T is the reionisation optical depth, 
- A is the normalisation parameter of the power spectrum for CMB and weak lensing (cf7 for 
definitions). - Ms0 is the normalisation parameter from SNia 
- Dark energy is described by the previously defined w0 and Wa parameters 
The reference fiducial model of our simulation is a ACDM model with parameters Om = 0.27, 
ob= 0.0463, ns = 0.99, h = 0.72, T = 0.066, A= 0.86, consistent with the first year data of the 
WMAP experiment. The universe is assumed fiat. We also neglect the effect of neutrinos, using 
3 degenerate families of neutrinos with masses fixed to 0. 

We adopt a statistical approach based on a frequentist approach which. consist on minimizing 
a x2(x,ax;B) with the MINUIT package 7. We set a confidence level (CL) on any individual 
cosmological parameter Bi by scanning the variable Bi: for each fixed value of Bi, we minimise 
again x2(x,ax; B) but with n-1 free parameters. The x2 difference, Llx2(B;), between the new 
minimum and x5, allows us to compute the CL on the variable, assuming that the experimental 
errors are gaussian. This method can be easily extended to two variables. With this approach, 
the correlations between the variables are naturally taken into account and the minimisation fit 
can explore the whole phase space of the cosmological parameters. The full covariance matrix 
on all parameters is then used with no prior constraints on the parameters, avoiding biases from 
internal degeneracies. For the 9 parameters used here, each fit requires around 200 calculations 
of x2• The consumed CPU-time is dominated by the computation of the angular power spectrum 
(Ct) of the CMB in CMBEASY?. This method is very powerful for studying the impacts of the 
parameters, since it is very simple to add or remove parameters, in contrast with the MCMC 
method, which requires the generation of a new chain. 

3 Combination of current surveys 

We first apply our statistical approach to the combination of SNia and WMAPl data, without 
any external constraints or priors. When the equation of state is considered constant, we obtain 
wo = -0.92��jg (1-a) and the shape of the CL is relatively symmetrical around the value of wo 
obtained at the x2 minimum. 
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Figure 1: Contour plots with W:tv!AP and SNia data, for the 9 parametfr fit with a z dependent EOS in the plane 
(wo,wa)· Left hand plot has no dark energy perturbation.The right hand one have them when w > -1. 

When a z dependence is added to the equation of state, the CL is still symmetrical with 
wo = -l .09:'.:8:i� but Wa becomes asymmetrical with a long tail for smaller values of Wa. The 1-D 
CL for Wa gives the resulting CL at 68%(lcr) and 95%(2cr): Wa = 0.82�8:�� :'.:8:�6. The solution 
found by the fit corresponds to a value of w slightly smaller than -1 for z = 0, and a value of 
w slightly larger than -1 for high z. The errors are such that the value of w is compatible with 
-1. However, this technically means that the Universe crosses the phantom line in its evolution. 
This region (w < -1) cannot be reached by the fit, if dark energy perturbations are computed 
in the CMBEASY version we use. We compare results when we removed the perturbations 
for the dark energy, and when we include them only when w > -1. The result is shown on 
the two plots of Fig. ??. The first case is close to the result of Seljak et al. ? who have likely 
removed dark energy perturbations but their central value is closer to w = - 1  and gives errors 
for Wa larger than the ones we get.This can be explain by the different parametrisation and the 
bayesian approach they use. 

Including dark energy perturbations only when w > -1, gives a minimum for wo = -l .32:'.:8:i� 
and Wa = 1.2:'.:8 :� at lcr. This is some 2cr away from the no perturbation case. We remark that 
these values are very close to those obtained by Upadhye et al. ? , who use a procedure similar to 
ours, without any marginalisation on parameters, a weak constraint wo + w0 ::; 0 inside their fit. 
When dark energy perturbations are included, we observe also that the minimisation is more 
difficult and correlations between parameters increase.Then, we decided to to present simulated 
results without dark energy perturbations. 

4 Simulation results 

The combination of both mid term and long term data sets as described in section 1 is performed 
with, and without a redshift variation for the equation of state, Tab. ?? summarizes the different 
results. The SNLS survey combined with the nearby sample will improve the present precision 
on w by a factor 2. The expected contours from cosmic shear have the same behaviour as the 
CMB but provide a slightly better constraint on !lm and a different correlation with w: CMB 
and weak lensing data have a positive ( w, !lm) correlation compared to SNia data, which have a 
negative correlation. This explains the impressive gain when t.he three data sets are combined, 
yielding an expected precision for w of 10 %. Combining WMAP with Olimpo data helps to 
constrain w through the correlation matrix as Olimpo expects to have more information for the 
large e of the power spectrum. 

The simulated future space missions show an improved sensitivity to the time evolution of 
the equation of state. The combination of the probes with the full correlation matrix allows for 
the extraction of the whole information available. For instance, the large correlation between 
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Table 1: Expected sensitivity on cosmological parameters for three scenarii: Current supernova and Ci\!B exper­
iments, mid term and long term experiments as explain in the text. the la errors are computed with the Fisher 

matrix techniques for 8 (9) free parameters in the first (second) column respectively. 

Scenario Today Mid term Long Term 

nb 0.003 0.004 0.001 0.002 0.0008 0.0008 
nm 0.04 0.04 0.01 0.01 0.004 0.004 
h 0.03 0.03 0.01 O.Gl 0.006 0.006 
n8 0.03 0.03 0.006 0.009 0.003 0.003 
T 0.05 0 .04 
Wo 
Wa 
A 
M.o 

0 .11  

0 .10 
0.03 

0.22 
0.99 
0 . 10 
0.03 

O.Gl 
0.02 

0.02 
0.01 

0.01 0.01 0.01 
0.10 0.02 0.04 
0.43 0.07 
0.02 0.02 0.02 
0.01 0.01 0.01 

ns and W a  observed for the weak lensing probe combined with the precised measurement of ns given by the CMB, gives a better sensitivity on Wa than the simple combination of the two 
Wa values obtained separately for the CMB and weak lensing. Such an effect occurs for several 
other pairs of cosmological parameters considered in this study. 

Finally, in the long term scenario, the weak lensing probe provides a sensitivity on the 
measurement of (wo, wa ) comparable with those of the combined SN and CMB probes, whereas 
in the mid term scenario the information brought by weak lensing was marginal. Since we assign 
an irreducible systematic errors on SNia and no systematic errors for WL estimation, conclusion 
should be taken with caution as it can have serious impacts on the final sensitivity and on the 
relative importance of each probe. 
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FLUCTUATIONS IN THE CMB AND WEAK LENSING INDUCED BY 
COSMIC STRINGS 

MARTIN LANDRIAU<1>, PAUL SHELLARD(2l and EIICHIRO KOMATSU(1l 
(1) Department of Astronomy, University of Texas at Austin, 

1 University Station, Cl/100, Austin, TX 78712-0259, USA 
(2) Department of Applied Mathematics and Theoretical Physics, University of Cambridge, 

Centre for Mathematical Sciences, Wilberforce Road, Cambridge, CB3 OWA, UK 

The formation of cosmic strings is a generic phenomenon in many theories of fundamental 
physics. In this paper, we present maps of CMB fluctuations and of weak lensing seeded by 
a network of cosmic strings. We extract power spectra from these maps and discuss their 
implication in the context of current and future observations. 

1 Introduction 

There has been a renewal of interest in cosmic strings 1 in recent years due to progress in 
theoretical physics. ·Indeed, it has been shown that all cosmologically viable SUSY GUTs predict 
the formation of topologically stable cosmic strings at the end of inflation 2• It has also been 
realised that the same happens at the end of inflation in braneworlds cosmologies 3•4• However, 
in the latter case, the "cosmic superstrings" are not a traditional topological defect, but it has 
been shown that networks will behave in a very similar fashion 5• 

2 Methods 

Our work uses cosmic string simulations based on the Nambu-Goto action, valid when a cosmic 
string's curvature radius is much larger than its thickness, so thatit can be treated as a lD 
object. 

s = -µ I d2(F/, 

from which we can derive the equations of motion 

(1) 

(2) 

The equations of motion are solved using the Allen-Shellard code 6. From the action, we also 
obtain the energy-momentum tensor of the strings 

eµv FY = µ I d((d;�:i;� - e-1x�x:,")0<3l(x - x,), (3) 

which we project onto a 3D grid. Transforming the problem from 3D QFT to a lD effective 
action enables a longer dynamic range, roughly 3 times as long. 
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Figure 1: CMB temperature fluctuations seeded by a network of cosmic strings. 

To solve the cosmological perturbations equations, we use the Landriau-Shellard code 7. In 
Fourier space, the linearized Einstein-Boltzmann equations form 3 systems of Neq '.'.:::'. 40 coupled 
ODE's. These can each be written as: 

dy 
dri 

= A(k, TJ)Y + q(k, TJ). (4) 

Here, y and q are vectors of dimension N and A is a real N x N matrix. The components of y 
are the metric and matter perturbations and those of q are the components of 8µ.v· The formal 
solution to the system is 

Y(TJ) = Y(ri) ( c +lo'' y-1(ri1)q(ri1)dri1) , (5) 

where Y are solutions to the homogeneous equations (q = 0) with initial conditions Y = I. So 
instead of solving 5 x Neq inhomgeneous equations (vector and tensor components need to be 
solved separately) on a N3 grid, we are solving 3 x N;q homogeneous equations on a linear grid 
of dimension ;;;;, 2N For a typical grid size of 2563, we have a reduction in CPU time of more 
than 1300, thus making the computation feasable. 

3 CMB Fluctuations 

Temperature fluctuations in the CMB are given, in the synchronous gauge, by 

8T f'IO ( . -T ( 8"1 • ITI • • ) 1 -rh· • • ) d T = f o re 4 - va · n + ijninj - 2e ijn;nj T/, (6) 

where all the symbols have their usual meaning. In this work, as well as in our forthcoming 
work 9, only the last term (ISW) is relevant, as we start integrating after recombination. 

In figure 1, we show two CMB maps, the first, an all-sky map with resolution Nside = 64 is 
obtained from a simulation which starts at rio/5 and ends at rio; the second is 25° a side, has 
a resolution Nside = 1024 and is obtained from a simulation that starts at rio/20 ('.'.:::'. 2.5TJrec) 
and ends at rio/5. In figure 2, we show the power spectra extracted from these maps. The 
normalisation, taken from our earlier work8, is Gµ/c2 = 0.7 x 10-6. One should note that, due 
to the limited dynamic range in both time and space, these spectra have an effective window 
function on the scales probed. We also show the temperature distribution of the small angle 
map, along with the 3 - u contours of a Gaussian distribution with the same power spectrum. 
The distribution is clearly non-Gaussian. In our forthcoming work 9, we will investigate this 
non-Gaussian signature further. 
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Figure 2: Power spectrum extracted from maps in figure 1 and temperature distribution in the small angle map. 

4 Weak Lensing 

The method initially developed to produce CMB maps can be very easily extended to study 
weak lensing. Our motivation in studying weak lensing is twofold. Firstly, weak lensing signal 
from strings may be important on scales where the CMB is dominated by foregrounds and the 
strings' signal is thus more difficult to observe. Also, a combination of several astrophysical 
signature increases chances of detection and ensures we are not confronted with a fluke. 

Our goal is to compute maps and power spectrum of the convergence K- and shear, /= (/i, /2) 
fields, which are obtained from the amplification matrix: 

'Dab(>.s) ( 1 -K- -11 -12 ) 
Aab = 

>. 
= 

1 =I -(K-'I + /'1a3 + /'2a1), 
s -12 - K, + /1 

where the matrix 'D obeys the following evolution equation: 
,.,.,,, R v a v f3,.,., 
Vab = µ,vaf3P p nanb Vcb' 

with the following initial conditions: 

'Dab(>.o) = 0 and 'D�b(>.o) = 'Iab, 

(7) 

(8) 

(9) 

In the above equation, pl' is the tangent vector to the geodesic and the two vectors n� give the 
basis for the shear field and obey n�nbµ, = 8ab and n�uµ = n�pµ, = 0. 

Choosing the conformal time for the affine parameter 5- = 77 and the synchronous gauge 
hoµ, = 0, the equation becomes, after integrating by parts and Fourier transforming: 

(1) 1'1o � -ik x [ ( . . . · ) · k . ] i I 'Dab = L., e · g1 k1kjhik - k1k;hjk - kjkkhil + k;kkhjl n1n + (g2 - g3)hli eaebdfl, 
'15 

where the functions g; are defined as: 1,, 2 1,, 2 a 2 g1 = >.(>.s - >.)a- df/ , g2 = >.(>.s ->.)a- (-) df/ 
� � a 

and n and ea are the spatial parts of pl' and n� respectively. 

(10) 

In figure 3, we show a weak lensing map obtained from the same simulation as the all-sky 
CMB map of the previous section. The colour scheme shows the convergence, while the arrow less 
vectors show the shear. The right hand panel shows the shear power spectra extracted from it. 
The presence of B-modes is due scattering off several strings along the line-of-sight and could 
be a distinctive signature of cosmic strings. 

Work containing results at smaller angles along with a more complete analysis will be pub­
lished SGOn 10. 
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Figure 3: Weak lensing map and shear power spectrum extracted from it (E and B-modes are the upper and 
lower curves respectively). 

5 Conclusion 

We have presented results of on-going work on two major astrophysical signatures of cosmic 
strings: CMB fluctuations and weak lensing. Future work will include CMB contribution from 
recombination {both temperature and polarization) 11 as well as a more thorough non-Gaussian 
analysis. Other important work will focus on adapting the results of our simulations to specific 
experiments, taking into account noise, resolution, etc. in order to quantify as precisely as 
possible the probability of detection. 
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WHAT HAVE WE LEARNED FROM CMB OBSERVATIONS? 

ANTHONY LASENBY AND ANTHONY CHALLINOR 
Astrophysics Group, Cavendish Laboratory, J. J. Thomson Avenue, Cambridge, CBS OHE, UK 

The cosmic microwave background (CMB) helps answer big questions such as what is the 
composition of the universe, what are its global properties such as geometry, topology and 
state of rotation, is there evidence for inflation, when did the universe reionize and what is 
the nature of dark energy. In this review we discuss how current observations of the CMB 
temperature anisotropies and polarization have provided (partial) answers to some of these 
questions. 

1 Introduction 

The cosmic microwave background (CME) has played a major part in shaping our understanding 
of the large-scale properties of the universe. The last decade and a half has seen remarkable 
advances in observational cosmology and quantitative cosmological constraints now come from 
a number of complementary probes. The CME occupies a special role in this programme due 
to its physics being particularly well understood (with the primary anisotropies requiring only 
linear theory), and in providing the most direct observational link to the physics of the early 
universe since the fluctuations were mostly imprinted around the time of recombination. 

It is difficult to do justice to the question in the title within the available space. Moreover, 
the observational field moves quickly as A.L. will testify to, having faced the task of revising his 
talk on the eve of the conference following a major new data release from the WMAP satellite. 
However, we shall attempt to give a flavour of what we have learned from the primary C1IE 
anisotropies in temperature and polarization, circa Spring 2006. In particular, we focus on the 
issues of the matter content of the universe as inferred from the morphology of the acoustic peaks, 
constraints on the geometry and dark energy sector from the peak locations and the integrated 
Sachs-Wolfe (ISW) effect, the new information coming from polarization measurements, CME 
implications for inflation, and anomalous features in the large-angle temperature anisotropies .. 
We concentrate on the primary anisotropies, which have been the main observational focus to 
date, although we make a few comments about secondary effects in Secs 7 and lCT. 
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2 CMB Physics 

\:Ve begin with a very brief review of the physics of the CMB temperature and polarization 
anisotropies.1•2·3 

To a first approximation, the temperature anisotropies e(n) have a contribution from density 
(scalar) perturbations given by 

and from tensor (gravity wave) perturbations 

1 hR. . e(n) = -- hijn'nJ d77, 
2 E 

(1) 

(2) 

where the metric is taken as ds2 = a2(17){ (1+ 21/;)d772 - [(1- 2¢ )b;j + h;j]dxidxJ}, with the trace­
free, transverse h;j describing gravitational waves. The overdots denote derivatives with respect 
to conformal time 17. The physical interpretation of Eqs ( 1) and (2) is straightforward. For scalar 
perturbations we see the intrinsic temperature fluctuation ea on the last scattering surface, at 
comoving distance r.;:,; 14Gpc, modified by the gravitational redshift from the local potential I/; 
and a Doppler shift from the bulk velocity of the baryons vb. There is a further ISW contribution 
on large scales that arises from evolution of the gravitational potentials ¢ + 1/;: photons crossing 
a deepening potential well suffer more redshift climbing out than the the blueshift they gained 
falling in. For tensor perturbations, the anisotropies arise from the integrated effect of the 
anisotropic (local) expansion rate, i.e. the shear h;j. The variance of the spherical multi poles, 
a1m, of e(n) defines the temperature power spectrum er 

The fluctuations on the last-scattering surface are processed versions of the primordial cur­
vature and gravity-wave perturbations, plausibly generated during inflation. For scalar pertur­
bations, the processing mechanism is simply gravity on large scales, with acoustic physics and 
diffusion important on smaller scales. The acoustic oscillations of the plasma inside the sound 
horizon lead to a modulation of ea (and vb) with scale at last scattering. If only one mode of 
the primordial fluctuation is relevant (e.g. the adiabatic, growing mode as predicted in simple 
inflation models), the acoustic oscillations are "phased up" so that all Fourier components with 
a given wavelength reach an extremum at the same time and a series of acoustic peaks are 
imprinted in the er power spectrum. For adiabatic models these are at l � n7rdA(r.)/r8, where 
dA(r.) is the angular diameter distance to last scattering and r, is the sound horizon there; for 
isocurvature modes the peaks are shifted by 7rdA(r.)/2r8. The same physics that gives rise to 
acoustic peaks in the CMB produces the recently-detected baryon acoustic oscillations in the 
clustering of galaxies.4•5 For gravitational waves, the metric fluctuation h;j is constant while the 
wavelength exceeds the Hubble radius, but oscillates with an amplitude decaying as a-1 once 
sub-Hubble. As a result, the tensor anisotropies are suppressed for l > 60. 

2.1 CME Polarization 

For perturbations with wavelength k-1 < 51\fpc. photon diffusion and the finite thickness ( � 

80 l\Ipc:) of last scattering produce exponential clamping of the anisotropies they subsequently 
produce.6 The non-zero photon mean-free path allows the (local) production of a quadrupole 
anisotropy in the radiation field that generates linear polarization on further scattering.' 

That part of the photon density matrix describing linear polarization (i.e. whose components 
are the Stokes parameters Q and U in some basis) can be decomposed into a gradient, or E­
mode, part and a curl, or B-mode, part.8•9 The E field is a scalar under parity while B is 
pseudoscalar, so, in the absence of parity-violating physics, B will be uncorrelated with E and 
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Figure 1: CMB temperature and polarization power spectra from scalar (left) and tensor perturbations (right) 
for a tensor-to-scalar ratio r = 0.38. The B-mode power generated by weak gravitational lensing is also shown. 

the temperature anisotropies. This means we expect three additional non-zero power spectra: CF, Cf and the cross-correlation Cf :: GTE. In linear theory, scalar perturbations produce only 
E-mode polarization by symmetry, but gravity waves produce E and B in similar amounts.8•9• 10 

The power spectra from scalar and tensor perturbations are compared in Fig. 1. The gravi­
tational wave amplitude is set to a value close to the current upper limit from the temperature 
anisotropies. Note that for scalar perturbations, C1E peaks at the troughs of CT since the ra­
diation quadrupole at last scattering is derived mostly from the plasma bulk velocity which 
oscillates 71' /2 out of phase with the intrinsic temperature. Re-scattering at reionization pro­
duces the 'bump' in the polarization spectra on large angles,1 1  and damps the temperature and 
polarization spectra by e-2r on scales inside the horizon at that epoch. We also show the non­
linear B-mode signal produced by weak gravitational lensing acting on the primary (E-mode) 
polarization.12 

3 Current Power Spectra Measurements 

The CMB temperature anisotropies have now been mapped over three decades of scale with 
a range of complementary techniques; we show a selection of recent measurements in Fig. 2. 
The agreement with the best-fit theoretical model is striking, and the measurements now clearly 
delimit the first three acoustic peaks. The WMAP3 temperature data15 has retained the low 
quadrupole level found in WMAPl, though at slightly lower significance. 

The first polarization detections were reported in 2002 by DASI.13 Four other groups have 
since reported measurements of C1E; see Fig. 2. The data points are still very noisy but the 
qualitative agreement with the best-fit model to the temperature spectrum is impressive. The 
cross-correlation GTE has also been measured by several groups and, with the arrival of the 
third-year WMAP data, the measurements are now quite precise for l < 200.14 At present only 
upper limits exist for Cf but this should change with several experiments that are planned (and. 
possibly, with some that are already operational) . 

4 Matter Content 

The relative heights of the acoustic peaks seen in the current T and E-mode data depend on 
the physical densities in matter 0.mh2 and baryons nbh2 , and the primordial spectrum of cur-
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Figure 2: Recent CMB temperature (left; from Hinshaw et al. 15 ) and polarization (right; CfE top and C1E 
bottom) power spectra measurements. The solid lines in the polarization plots are the theoretical expectation on 

the basis of the temperature data and an optical depth r = 0.08. 

vature perturbations (multiplied by e-2r) . For the matter dependencies, the relevant physics is 
the reduction in the bulk modulus of the plasma due to baryon inertia, the resonant gravita­
tional driving of the acoustic oscillations for perturbations that enter the sound horizon before 
matter-radiation equality, and photon diffusion.16 Increasing the matter density enhances the 
(compressional) 1st, 3rd etc. acoustic peaks for adiabatic perturbations, while, damping aside, 
increasing the matter density boosts the higher-order peaks relative to the lower ones. 

In combination, these two effects have allowed accurate measurements of the baryon and 
CDM densities from the peak morphology. From the three-year WMAP data alone, Obh2 = 
0.0223:':8:888� and Omh2 = 0.127:':8:8�7 in flat, ACDM models.17 The implied baryon-to-photon 
ratio (6. 10 ± 0.2) x 10-10 predicts light-element abundances consistent with observations. There 
is some tension between the low matter density favoured by WMAP3 and the higher value 
favoured by tracers of large-scale structure, mbst notably weak gravitational lensing.17 Better 
measurements of the third and higher peaks will be very helpful in sorting out this issue. 

5 Geometry and Dark Energy 

With the matter and baryon densities fixed by the morphology of the acoustic peaks, the acoustic 
oscillations become a standard ruler with which to measure dA(r.) ,  determined to be 13.7 ± 
0.5 Gpc.18 The dark energy model, curvature and sub-eV neutrino masses have no effect on 
the pre-recombination universe and they only affect the CMB through dA(r.) and the late-time 
ISW effect (see below) . The discriminatory power of the latter is limited by cosmic variance 
leading to the geometric degeneracy between curvature and dark energy.19 For example, closed 
models with nK = -0.3 and nA = 0 are a good fit to the CMB data alone but imply a very 
low Hubble constant and llmh in conflict with other datasets. Including data on the Hubble 
constant, large-scale structure or the supernovae Hubble diagram immediately forces the spatial 
sections to be close to flat. An interesting example of breaking this degeneracy with external 
data is provided by the measurement of baryon oscillations in the SDSS luminous red galaxy 
sample.4 Baryon oscillations measure the same physical scale as the Cl\IB acoustic peaks but 
at much lower redshift (here z � 0.35); combining with WMAP3 gives OK = -0.01:':8:8}� and 
llA = 0.728:':8:8�� for A models.17 

The late-time ISW effect provides another way to constrain dark energy. This was first 
detected as a positive correlation between the large-angle first-year WMAP temperature data 
and the X-ray background and the projected number density of radio galaxies.2° The physics 
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behind the correlation is that gravitational potential wells decay once dark energy dominates 
over the matter density so there is a positive correlation with tracers of the matter over-density 
on the line of sight. The effect has since been confirmed with several other tracers of large-scale 
structure. The correlation is sensitive to the relative densities in dark energy and matter as 
a function of redshift, and the expected decrease in the ISW correlation with redshift is now 
seen.21 However, as yet there is no evidence for evolution in the dark energy density itself. 

Interesting constraints on dynamical dark energy models are beginning to emerge when 
the CMB data is combined with other cosmological data.' Very little of the constraining power 
comes from the IS\V effect due to the combination of cosmic variance ru1d the mitigating effect of 
dark energy clustering on the changes to the expansion rate.22 Combining WMAP3 with galaxy 
clustering and supernovae datasets gives the constraint w = -1 .062!8:M� and OK = -0.024!8:8�� 
in scalar-field dark energy models.17 

5.1 Slightly Closed Models 

At this stage, one of the authors wishes to declare an interest. This is that with C. Doran, 
AL has developed a mode/23 in which a slightly closed universe (closed at the few percent level) 
emerges naturally from inflation. This model has its basis in a conformal geometry approach to 
understanding A. It works with a simple m2¢2 scalar field potential, but is novel in calculating 
the initial scalar field behaviour in terms of a power series expansion out of the big bang. The 
conformal geometry part gives a novel boundary condition at the end of the universe, and the 
combination of the two leads to a 'see-saw' type of behaviour in which the more generically 
curved the initial universe is, the closer to flatness it is today, and in which there is a natural 
linkage between A and the number of e-folds N of inflation. Specifically, one finds A � exp(-6N) , 
which gives � 10-122 in natural units if N � 46. Furthermore, 'closure' during inflation naturally 
gives a low k cutoff in the primordial spectrum, such as is apparently seen in the WMAPl and 
WMAP3 results. Thus results such as those for w and OK as reported at the end of the previous 
section, are very interesting in the context of this model, where one wants the universe to be 
just closed, and w = -1 ,  so that dark energy can be purely geometrical. 

6 E-Mode Polarization and TE Cross-Correlation 

Apart from constraints on the reionization optical depth from large-angle polarization data (see 
Sec. 6 .1 ) ,  the power of the current polarization data for constraining parameters in adiabatic, 
ACDM models is rather limited. More important are the qualitative conclusions that we can 
draw from the data: 

• The current measurements of C/; and crE are fully consistent with predictions based 
on the best-fit adiabatic model to er, providing an important independent test of the 
structure formation model. 

• The well-defined oscillations in crE further support the phase coherence of the primordial 
fluctuations, i.e. all modes with a given wavelength oscillate in phase. This is a firm 
prediction of inflation models but is at odds with defect models. 

• The (anti-)correlation between the polarization and temperature on degree scales (see 
Fig. 2) is direct evidence for fluctuations at last scattering that are outside the Hubble 
radius and are adiabatic.24 

• The peak positions in polarization, as for the temperature, are in the correct locations 
for adiabatic initial conditions. Pre-WMAP3 analyses, combining CMB temperature and 
polarization with other cosmological probes/priors limit the contribution from isocurvature 
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initial conditions to the CMB power to be less than 303, allowing for the most general 
correlated initial conditions?5 

• That E-mode power peaks at the minima of .the temperature power spectrum increases 
our confidence that the primordial power spectrum is a smooth function with no features 
'hiding' on scales that reach a mid-point of their acoustic oscillation at last scattering (and 
so contribute very little to the temperature anisotropies) .  

6. 1 Large-Angle Polarization from Reionization 

The large-angle polarization generated at reionization was first seen in the TE correlation in 
the first-year WMAP data?6 This provided a broad constraint on the optical depth with mean 
T = 0.17 - on the high side of what was expected based on plausible models for reionization. 
With the improved polarization analysis and further data in the third-year WMAP release,14 
excess power has now been measured in the large-angle C1E spectrum (see Fig. 2) corresponding 
to T = 0.10±0.03. This shifts slightly to T = 0.09±0.03 with the inclusion of all the WMAP data. 
To obtain the large-angle C1E spectrum required aggressive cleaning of Galactic foregrounds but 
a number of tests suggests that residual contamination is under control. The new mean value 
for the optical depth is more easily accommodated in astrophysical models for reionization than 
the earlier high value. 

7 Damping Tail, SZ and the Amplitude of the Fluctuations 

Photon diffusion' on scales < 30 Mpc, and' the comparable width of the last-scattering surface, 
washes out anisotropy from small-scale fluctuations. This exponential 'damping tail' in the 
temperature spectrum is seen in the ground and balloon-based data in the left plot in Fig. 2. 

On scales l > 2000, the CBI, operating around 30 GHz, sees power in excess of that expected 
from the primary anisotropies at the 3a level.27 An excess is also seen at smaller angular scales 
(centred on l ,...., 5000) with the BIMA array operating at 28.5 GHz.28 Both analyses exclude 
point-source contamination as the source of the excess, suggesting instead that they are see­
ing a secondary contribution from the thermal Sunyaev-Zel'dovich (SZ) effect29 in unresolved 
galaxy clusters. Optical follow-up of the BIMA fields shows no (anti-)correlation between galaxy 
over-densities and the anisotropy images, but the image statistics are consistent with SZ simu­
lations. We note that data from the several high-resolution CMB experiments that will soon be 
operational should give a definitive answer as to the source of the excess small-scale power. 

The SZ explanation favours a variance in the matter over-density as :::::i 1 (with la errors 
at the 203 level) , higher than inferences from current CMB and large-scale structure data. In 
particular, the new WMAP3 data alone favour as = 0.75 ± 0.06 compared to 0.92 ± 0. l  from the 
first-year data. This change is driven mainly by the new lower value for r which favours a lower 
amplitude of primordial curvature fluctuations and a lower spectral index ,(see Sec. 8). Including 
non-CMB data tends to increase as, with the WMAP3-alone value being most discrepant with 
weak lensing 7 and Ly-a forest data�0•31 

8 CMB C onstraints on Inflation 

Inflation naturally predicts a universe that is very close to flat, consistent with the observed 
positions of the CMB acoustic peaks as discussed in Sec. 5. Significantly, it also naturally 
provides a causal mechanism for generating initial curvature fluctuations32 and gravitational 
waves33 with almost scale-invariant, power-law spectra. These spectra can be approximated as 
power laws over the range of scales relevant for cosmology: 

(3) 
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Figure 3: Constraints in the r-n, plane for models with no running from Kinney et al.35 Dark (blue) contours 
are 683 confidence regions and light (yellow) are 953. The filled contours are from combining WMAP3 and 
the SDSS galaxy survey; open are with WMAP3 alone. These results assume the HST prior on H0; dropping 
this prior gives the dashed contours. The predictions for V ex <I>2 and <I>4 are shown assuming that modes with 

k = 0. 002 Mpc-1  left the Hubble radius between 46 and 60 e-folds before the end of inflation. 

The tensor amplitude depends only on the Hubble parameter at the time the mode k leaves 
the Hubble radius during inflation, i.e. when k = aH. The scalar amplitude and both spectral 
indices depend additionally on the evolution of H. In slow-roll inflation, where V(<I>) dominates 
the stress-energy of the inflaton field <I> and the evolution of <I> is slow, the observable parameters 
may be related to V(<I>) and its first two derivatives.34 The tensor-to-scalar ratio r = At/As is 
given in this limit by 

where the energy scale of inflation Einf = V114 and we have taken A8 = 2.36 x 10-9 •  

(4) 

Constraints in the r-n8 plane from WMAP3 and the SDSS galaxy survey are shown in Fig. 3, 
taken from Kinney et a!.35 The point r = 0 and n8 = 1 corresponds to inflation occurring at 
low energy with essentially no evolution in H (but note ]ow-energy models can show significant 
deviations from n8 = l ) ;  the gravitational waves are negligible and the curvature fluctuations 
have no preferred scale. This Harrison-Zel 'dovich spectrum is clearly disfavoured by the data, 
but is not yet excluded at the 953 level. Attempts to pin down n8 with current CMB temperature 
data are still hampered by a degeneracy between n., A8 , the reionization optical depth T and 
the baryon density.36 The new WMAP3 measurement of T helps considerably here leading to a 
marginalised constraint n8 = 0.987:'.:8:81� in inflation-inspired models.17 If one focuses instead on 
low-energy models (r "'=J 0), which some model-builders favour since such models more naturally 
accommodate a field evolution ll.<I> « mp1, the constraint becomes n8 = 0.95 ± 0.015. Within 
the context of low-energy models, this is a significant detection of evolution during inflation and 
produces interesting constraints in model space.37 The 953 upper limit on r from vVl\IAP3 
and SDDS is r < 0.28 for power-law spectra, thus limiting the inflationary energy scale E;uf < 
2.4 x 1016 GeV. We see from Fig. 3 that large-field models with monomial potentials V(<I>) ex: <I>P 
are now excluded at high significance for p 2: 4, but <1>2 potentials are still a good fit. Limits 
on r at the 0.01 level are expected from ground-based B-mode polarization experiments within 
� 5 years. These will improve considerably over current limits on inflation models. 

Slow-roll inflation predicts that any running of the spectral indices with scale should be 
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O[(ns - 1)2 ) .  The lever arm for measuring running with the CMB alone is currently rather 
limited (with little sensitivity for k > 0 .05 Mpc- 1 corresponding to l > 700) , but there is 
persistent , though not yet compelling, evidence for non-zero running: WMAP3 alone gives 
dn./dlnk = -0.102:'.:8:8�3 allowing for gravitational waves.17 Running near this mean value would 
be problematic for slow-roll inflation models, but the result is mostly driven by the large-angle 
(l < 15) C{ spectrum and a more definitive assessment from the CMB must await further 
small-scale observations from Planck and ongoing ground-based surveys. The current evidence 
for running weakens considerably when small-scale data from the Ly-a forest is included.30•31 This 
is consistent with the Ly-a data favouring more small-scale power than the CMB extrapolation, 
and this tension is worsened by the inclusion of negative running. 

8. 1 N on-Gaussianity and Inflation 

The fluctuations from Eingle-field inflation should be adiabatic and any departures from Gaussian 
statistics should be unobservably small.38 However, adiabaticity and Gaussianity can be violated 
in models with several scalar fields, for example the curvaton model.39 As we have already noted, 
current data do allow a sizeable isocurvature fraction, but this is not favoured. Similarly, there is 
no evidence for non-Gaussianity from inflation. In many models, the non-Gaussian contribution 
to the gravitational potential at la.st scattering is a quadratic functional of the Gaussian part. 
The coupling kernel is denoted !NL and the best constraints, assuming no scale-dependence, 
are -54 < fN1 < 1 14 at 95% confidence from the three-point function of WMAP3.17 Planck 
should be sensitive down to fNL � 5�0 but this is still at a level where we should not expect 
to see anything in simple inflation models (which give fNL � 0(1)  accounting for non-linear 
gravitational effects after inflation) . 

9 Large-Angle Anomalies 

There are statistically-significant anomalies in the large-angle temperature anisotropies, a.s im­
aged by COBE11 and WMAP,42 that appear to signal departures from rotational invariance 
and/or Gaussianity; for a recent review and WMAP3 analysis, see Copi et al�3 and references 
therein. The origin of these anomalies is still unknown; proposed explanations have included 
instrument systematics, residual Galactic foregrounds, gravitational effects of the local universe 
or theoretical exotica such as a compact topology or anisotropic dark energy. Here we focus on 
one particular proposal: that the universe has global rotation. 

This was first investigated with regard to the WMAP data by Jaffe et al�4 These authors 
found a statistically significant match between the large-angle WMAP data, and a Bianchi VIIh 
template. In Bianchi models, the universe is anisotropic but spatially homogeneous. The VIIh 
models allow both fluid shear and vorticity, and this gives rise to a distinctive spiral pattern in 
the CMB, with significant power extending out to l � 25 (see e.g. McEwen et al�6 for a plot of 
the power in a Bianchi VIIh spiral versus l ) . An important feature of the VIIh models is that 
in the limit of small departures from isotropy, the background universe is open, and Jaffe et al. 
found that a significantly open universe, with Oo = 0 . 5, was picked out in the template fitting 
process. This is of course completely at odds with the results from the higher multipoles of the 
CMB, which point unambiguously to a nearly fiat universe. Intriguingly, however, removing 
the best-fit Bianchi template resulted in a highly reduced significance for all of the previously 
found large-angle anomalies, including a non-Gaussian cold spot found by Vielva et al.�5 which 
lies in position of the 'eye' of the best-fit Bianchi spiral. (Note that McEwen et al.,46 however, 
using a directional wavelet approach, found that not all the significance of wavelet detections 
of non-Gaussianity were removed with the subtraction of a Bianchi template, in particular a 
detection of skewness in the wavelet coeffients remained. )  
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Since this point, the Bianchi template computations have been generalised by both Jaffe et 
al.47 and Bridges et al.48 to include a cosmological constant. This has allowed the investigation 
of whether one can retain the production of a spiral pattern of the right type to explain the 
large-angle anomalies, which requires a low Slmatter • whilst having a universe close to fiat, as 
required by the rest of the CMB and other data. 

As found first by Jaffe et al. ,47 this is at first sight promising, since a degeneracy exists in 
the (0,n ,  OA) plane (similar to the geometric degeneracy in the C:tv1B) which allows a Bianchi 
template, morphologically identical to the original non-A one, to take on values which could 
correspond to a more acceptable cosmology. However, as confirmed in a detailed MCMC explo­
ration by Bridges et al. ,48 the degenerate likelihood contours do not intersect areas of parameter 
space that 1- or 3 year \VMAP data would prefer at any significance above 20'. Thus this 
appears to confirm the conclusion that a physical Bianchi model is not responsible for the large­
angle anomalies, and while the apparent match of such a model to the anomalies is intriguing, 
currently an alternative explanation needs to be sought. 

10 Outlook 

We end by briefly considering what we can expect from further CMB observations in the near 
future. For the temperature anisotropies, Planck, due for launch in 2008, should produce a 
cosmic-variance limited measurement of the power spectrum up to l � 2000. Many key param­
eters will be determined to percent-level precision and current tensions - for example between 
the running favoured by CMB data but not by Ly-u, and the relatively low matter density from 
WMAP3 - should be better understood. Further independent measurements of the lowest-I 
multipoles will shed light on the potential role of instrumental effects and residual foregrounds 
in the large-angle anomalies. On smaller scales, a number of arcminute-scale instruments are 
close to completion that aim to measure the high-I anisotropy power spectrum, and hence con­
strain the history and morphology of reionization through the kinetic SZ effect, and to survey 
for galaxy clusters via the thermal SZ effect. The small-scale experiments should also detect the 
effect of weak gravitational lensing in the CMB�9 

In polarization we look forward to improvements in E-mode polarization data, from exper­
iments currently collecting data in Antarctica, future years of WMAP, and from Planck. This 
data will particularly help in constraining non-standard models such as those with an admixture 
of adiabatic and isocurvature perturbations. Looking a little further ahead, a new generation of 
high-sensitivity instruments have the ambition of detecting the imprint of gravitational waves 
in B-mode polarization. They should be sensitive down to tensor-to-scalar ratios r � 0.01 -
corresponding to an en�rgy scale of inflation around 1 x 1016 GeV - and will place tight con­
straints on inflation models. ·There is also exciting secondary science that can be done with these 
instruments, such as better reconstruction of CMB lensing and hence improvements in neutrino 
masses and dark-energy properties from the CMB. 
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Observational constraints and cosmological parameters 

Antony LewiS' 
Institute of Astronomy, Madingley Road, Cambridge, CB3 OHA, UK. 

I discuss the extraction of cosmological parameter constraints from the recent WMAP 3-year 
data, both on its own and in combination with other data. The large degeneracies in the 
first year data can be largely broken with the third year data, giving much better parameter 
constraints from WJ\.!AP alone. The polarization constraint on the optical depth is crucial 
to obtain the main results, including n, < 1 in basic six-parameter models. Almost identical 
constraints can also be obtained using only temperature data with a prior on the optical depth. 
I discuss the modelling of secondaries when extracting parameter constraints, and show that 
the effect of CMB lensing is about as important as SZ and slightly increases the inferred value 
of the spectral index. Constraints on correlated matter isocurvature modes are not radically 
better than before, and the data is consistent with a purely adiabatic spectrum. Combining 
WMAP 3-year data with data from the Lyman-a forest suggests somewhat higher values for 
us than from WMAP alone. 

1 Introduction 

The WMAP satellite has now provided three years worth of beautiful data giving a clear picture 
of the CMB temperature over most of the sky and allowing robust constraints on many cosmo­
logical parameters 7•23 . I shall briefly review parameter eiitimation methodology, then discuss in 
more detail topical issues relating to WMAP parameter constraints. I also discuss the utility 
of combining with other data, and show some example joint constraints obtained by combining 
with Lyman-a data. I shall assume familiarity with standard abbreviations and cosmological 
parameters. 

2 Parameter estimation 

The CMB sky is expected (and observed) to be closely Gaussian, and noise properties can also 
often be approximated as Gaussian. Given a set of parameters, linear-theory predictions for 
the CMB power spectrum can be computed quickly using numerical codes such as CAMB 14 
and CMBFAST 22• Since the statistics of observed sky or power spectrum estimators are quite 
well understood, we can therefore compute the likelihood of a given set of parameters given the 
observed data. We then wish to calculate the posterior distribution of various parameters of 
interest, P(parameters ldata) , given a set of priors. In potentially large dimensional parameter 
spaces, the information in the posterior distribution is most easily extracted by using a set 
of samples from the distribution. For example an estimate of the posterior mean of a given 
parameter is given simply by the average of the value of that parameter in the set of samples. 
More complicated quantities can also be computed from samples, for example the correlations 
of different parameters, marginalized two-dimensional distributions, etc. 

The methods almost universally adopted for sampling are variations of the Metropolis­
Hastings l\farkov Chain Monte Carlo 16·3· 12 . These methods consists of constructing a way of 
exploring parameter space such that the value of the parameters at any given step are a sample 
from the posterior distribution. There is considerable choice in the details of how these meth­
ods are implemented 1 1 •5 . A fairly complete implementation aimed at sampling and analysing 
non-pathological distributions (i.e. preferably unimodal and not too distorted) most common in 
cosmology is publicly available in the CosmoMd' package 12 used here; see also AnalyseThis 4 . 

"http://cosmologist.info 
bhttp://cosmologist.info/cosmomc 

25 



0.029-
1 0.028 

0.02? 1 
0.026� 

s:::. o.02sf 
� o.024f /i) 
0 023r /:iii;/_ 
0 0?2L /{�! 
0
0
0
:1 c-tr?� - -

0 9  0.% 1 05 1 .1 1 . 1 5 

1::5 
�03 
� 025 

0.2 
0.15 
0 1  
0.05 

Figure 1: Constraints from WMAP 3-year temperature (points) and joint with polarization (683 and 953 
contours) for a basic six parameter J\CDM model (no tensors). The points represent samples from the posterior 
distribution, and are coloured by the value of the optical depth T. Polarization constrains the optical depth, 

breaking the main flat-model degeneracy and suggesting n, < 1 .  

Once a set of samples is available, almost every statistical question of interest can be answered 
using estimators constructed from the samples. The probability density at a point in parameter 
space is given simply by the number density of samples. Marginalized probabilities in reduced 
dimensions are given simply by the number density of samples for the parameters in those 
reduced dimensions. Furthermore often new priors or data can be added very quickly using 
importance sampling: a way of re-weighting samples based on the difference of the new and old 
likelihoods 12 . Chains for the WMAP 3-year analysis are available from the LAMBDN website, 
and are compatible with CosmoMC's GetDist program. 

3 WMAP 3-year constraints 

It is well known from the WMAP first year data that with good measurements of only the 
first two acoustic peaks of the CMB temperature power spectrum there remains an important 
degeneracy between the spectral index n5 , the optical depth T, the baryon density Obh2 and the 
amplitude of fluctuations parameterized by As or O'g . This degeneracy remains in the 3-year 
temperature data, as shown by the samples in Fig. 1. 

3. 1 Constraining the optical depth 

A large scale polarization signal on the CMB can be generated at reionization due to scattering of 
the CMB quadrupole. By measuring the large scale E-mode power spectrum, one can therefore 
constrain the optical depth. The 3-year WMAP analysis makes a heroic attempt to clean out 
dominating foregrounds to extract this signal 17. Various consistency checks (for example B­
mode power spectrum consistent with zero) suggest that this has been achieved to sufficient 
accuracy to reliably constrain the optical depth. However the possibility of some unidentified 
foreground remains, and it is unclear how large the foreground-induced systematic error in the 
result is (unlike for the temperature analysis, there is no marginalization over the foreground 
templates or fitting uncertainties) . 

Using the WMAP 3-year result for the large scale polarization the optical depth r can be 
constrained, breaking the main flat-model degeneracy, and suggesting that n5 < 1 in basic 

chttp://lambda.gsfc.nasa.gov/ 
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Figure 2: Constraints from Wlv1AP 3-year temperature (red), temperature and polarization (black), and temper­
ature with a Gaussian prior on the optical depth T = 0.10 ± 0.03 (blue). The top six parameters have flat priors 

and are sampled using MCMC, the bottom six parameters are derived. 

tensor-free models as shown in Fig. 1 .  In fact this is essentially the only information in the 
polarization that effects basic cosmological model parameters. For example if we take a prior on 
the optical depth T = 0.10 ± 0.03 (consistent with the polarization result) essentially identical 
parameter constraints are obtained using only the temperature results as shown in Fig. 2. The 
polarization spectrum on smaller scales may however be useful for constraining extended models, 
for example with isocurvature modes. The improvement in parameter constraints from the better 
measurement of the temperature power spectrum with the 3-year data is relatively modest; 
using the same T prior with the first year temperature power spectrum gives an almost identical 
constraint on n8 as using the 3-year data, though the matter densities are constrained rather 
better due to the better measurement of the second and third acoustic peaks. 

Different priors on the optical depth or reionization redshift can be applied very quickly to 
existing chains using importance sampling. For example, my personal prior is approximately 
a Gaussian with Zre = 8 ± 3 truncated to zero at Zre < 6, which is towards the lower end of 
the distribution obtained by WMAP (e.g. if there were an unidentified foreground remaining in 
the WMAP data, the value of the optical depth would be expected to come down further) . In 
this case using WMAP temperature and polarization without tensors the n5 < 1 result is very 
significant (n5 < 0.98 at 2-sigma) and the value of O's comes down a bit to 0 .73 ± 0.05. 

3. 2 Effect of secondaries 

The WMAP 3-year parameter analysis accounts for an SZ contribution by marginalizing over 
the amplitude of an analytic model calculated for a fixed fiducial set of parameters 23 •  The effect 
of including SZ on the cosmological parameter constraints is not large, and comparable to that 
o,btainable by changing priors in the base parameters. Since the SZ adds power on small scales, 

adding a contribution means that n8 has to decrease slightly. shifting the posterior distribution 
further clown from n5 = 1. However when modelling secondaries, all relevant effects should 

be included. It is well known that CMB lensing also has a percent level effect on the relevant 
scales 13 - see Fig. 3. Lensing smooths out the acoustic peaks, and on WMAP scales the main 
effect is a reduction in the height of the third peak height, as well as smaller effects on the 
earlier peaks and troughs. The effect can be compensated by increasing n5, so including lensing 
tends to increase n5 • The effect is shown in Fig 4 and is comparable magnitude to SZ,  but has 
an opposite effect on n5 •  The best fit sample has a slightly better x2 with lensing included, 
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Figure 3: The theoretical unlensed (black) and smoother lensed (red) CMB temperature power spectra (top) and 
the difference (bottom blue) for a fiducial WMAP 3-year ACOM model with n, = 0.95, r = 0.09. Green lines 
are unlensed but include the SZ spectrum 9 evaluated for fiducial parameters as used by the WMAP team (with 

marginalized amplitude) at 22.SGHz. At higher frequencies the SZ contribution is somewhat smaller. 
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Figure 4: Six parameter WMAP 3-yr constraints with no secondary modelling (blue), marginalizing over SZ 
model amplitude (red) and marginalizing over SZ and including CMB lensing (black). 
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Figure 5: Constraints on the spectral index n, and 178 from WMAP only (green), SDSS Lyman-e> (blue 15) , and 
the joint constraint (red). Contours enclose 68% and 953 of the probability, and the model is ACOM with no 
tensors. Lyman alpha only contours are for fixed best-fit joint values of the other parameters and dependent upon 
this prior: they give a visual clue to the direction and amount by which the data pull the joint constraints, but 

the absolute position of the contours is fairly meaningless. 

with �x2 ,...., L Since the effect of secondaries is small, they do not have a large effect on the 
conclusions of the WMAP 3-year analysis. However if SZ is included it would seem sensible 
to also include CMB lensing. The CMB lensing effect can be computed very accurately and is 
trivial to include. The fact that SZ and lensing have nearly opposite effects suggests that in 
practice rather accurate WMAP constraints on n8 can be obtained by neglecting both. However 
the effect on 0.bh2 is in the same direction, and including both shifts the mean up by nearly one 
sigma compared to including neither, giving nbh2 = 0.0228 ± 0.0008. 

4 Combining data 

WMAP alone provides good constraints on many parameters, especially those that are directly 
related to the power spectrum. For example the ratio of the sound horizon at last scattering 
to the angular diameter distance to last scattering is constrained to ,...., 1 %. Other combinations 
of parameter are also measured very well, for example WMAP alone gives the linear theory 
constraints 

· 

( n ) ( h ) 2.2 ( -r ) -o.9 
0.2�8 0.73 �.6:; ( -r ) ( h ) 1. 15 ( n ) -0.066 �.6;; o.73 o.d;8 

1 ± 0.01 ( 1 )  

1 ± 0.04. (2) 

However the third combination of these parameters is only constrained to 20%. Any data that 
can improve on these constraints in any direction can be used to improve parameter constraints. 
In addition external data provides an important consistency check, and any deviations from 
consistency may indicate departures from the assumed cosmological model. 

The WMAP results are now so good that for simple models the small scale C1 can be 
predicted rather accurately from the WMAP data on larger scales. Data from other CMB 
experiments currently give relatively large errors on the smaller scale acoustic peaks, and the 
improvement to parameter constraints from including other CMB data on linear scales is now 
rather modest. To significantly improve parameter constraints from 3-year WMAP a tight 
constraint on the third acoustic peak would be very useful. As shown in Fig. 6 small scale 
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Figure 6: The 95%-confidence regions for the CMB polarization power spectra given WMAP 3-yr, Boomerang 8 
and 2dF 19 data with an HST prior h = 0. 72 ± 0.08. The parameters varied are those for a constant spectral index 
ACOM model with insignificant neutrino mass and sharp reionization. The two tensor results are the B-mode 
power spectra expected from for a scale-invariant tensor-mode power spectrum with Ar = 4r x 10-9 and two 
possible values of r. The effect of tensors on the cosmological parameter constraints was neglected, and a pri01 

z,. > 6 was assumed. This is an updated version of the figure in Lewis and Challinor 13 .  
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Figure 7: Allowing tensors, samples from WMAP 3-year temperature and polarization (points) ,  compared to the 
joint constraint with SDSS Lyman-a: data.15 (68% and 95% contours) . 
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Figure 8: Constraints on the correlated matter isocurvature mode ratio B as defined in Gordon & Lewis 6 using 
WMAP 3-year data combined with small scale CMB 20• 10 and 2dF data 19. 

polarization observations have to be very sensitive to compete with the prediction that can be 
made from current data assuming a basic cosmological model, and it will be a while before small 
scale CMB E-polarization helps at all with constraining parameters in these models. However 
consistency with the predictions is an important consistency check. 

The WMAP team give constraints with various combinations of data 23. Of particular note 
is the significant increase in the expected value of as when including data from weak lensing. 
Here as an example I consider combination with Lyman-a data from SDSS 15. This serves to 
measure the matter power spectrum scales much smaller than those directly probed by the CMB 
and hence has the potential to beak degeneracies involving n8 and as . The data from Viel et 
al. 25 are less constraining that the SDSS results, so I concentrate on the latter here. 

Figure 5 shows the joint constrain from WMAP and Lyman-a without tensors. As with weak 
lensing, adding Lyman alpha increases the values of as from the value preferred by WMAP alone, 
with the SDSS joint constraint giving as = 0.86±0.03. The joint constraint is actually otherwise 
fairly consistent with WMAP alone, for example the best fit sample has T = 0.09, n8 = 0.97, 
though it does favour higher values of Om � 0.3. It is consistent with n8 < 1 at two sigma with 
no running of the spectral index. A more detailed analysis is now given elsewhere. 24•21 

5 Extended models 

One of the most interesting extensions of the basic 6-parameter ACDM model is one allowing 
for a contribution from tensors modes as predicted by some models of inflation. Figure 7 shows 
constraints on the tensor-scalar ratio r (defined in terms of the initial power spectra as in the 
WMAP papers) from WMAP alone, and when combined with Lyman-a. Clearly there is no 
evidence for a tensor contribution, however allowing for tensors does allow the possibility of 
n, 2 1 :  if tensors add power to the low-I multipoles, the spectral index can be bluer and still 
maintain the correct overall ratio of small and large scale power. Many future observations will 
be aimed at detecting the B-mode polarization signal from tensor modes, and Fig. 6 shows the 
expected spectrum for a couple of possible amplitudes in comparison to· the predicted signal 
from lensed scalar modes. Further discussions of inflationary constraints from WMAP 3-year 
data are given elsewhere. 23.1s,1 

Another interesting possibility is an isocurvature mode contribution. Probably the simplest 
possibility is a totally correlated contribution from matter isocurvature modes, for example from 
a curvaton model of inflation. Here the spectral index is fixed to that of the adiabatic modes, 
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and there is only one extra parameter, the ratio of isocurvature modes (which can be negative 
for anti-correlated modes) . The updated 6 constraint is shown in Fig. 8, corresponding to a 
953 confidence constraint -0.42 < B < 0.25. As with older data there is no evidence at all 
for isocurvature modes, which should not be surprising given that a simple adiabatic model 
fits the data well. The WJ\.IAP 3-year data does not radically improve the constraint because 
the main effect is on large scales where the first year data was already cosmic variance limited 
in the temperature. However degeneracy breaking does help, as does improved sensitivity on 
the polarization. I expect that more general isocurvature analyses (e.g. updating Bucher et 
al. 2) should have a similar conclusion: no evidence for isocurvature modes, though a significant 
fraction still allowed. 

6 Conclusions 

The WMAP 3-year results appear to show a remarkable agreement with a simple six parameter 
ACDM model. Numerous extended models have been discussed by the vVMAP team 23, though 
none fit the data significantly better. There is some tension by between the Clg values favoured 
by WMAP and weak lensing and Lyman-alpha data, and this deserves further investigation. 
The WMAP data alone suggest that either n5 < 1 or there is something else interesting, for 
example a significant tensor mode component. 

Future CMB observations that can provide an accurate measurement of the optical depth 
or third acoustic peak are needed to constrain parameters significantly better with CMB alone. 
Precision measurements of the temperature spectrum to small scales should allow the spectral 
index to be determined independently of the polarization constraint on the optical depth. Cur­
rent and future small scale polarization observations are unlikely to improve basic parameter 
constraints significantly, though they can be a good test of alternative models. Detecting large 
scale B-polarization from gravitational waves is of course the main goal of many future missions, 
and would be a powerful way to constrain models of inflation. 

CMB observations are in principle clean way to constrain early universe perturbations and 
many cosmological parameters. However they are rather insensitive to other parameters, for 
example the late time evolution of the dark energy. To constrain these parameters comple­
mentary data are needed. Consistency with different data sets is a good check on the assumed 
cosmological model. If consistent other data sets can also be used to break partial degeneracies 
in the CMB constraints, giving better joint parameter estimates. Many additional data sets not 
considered here are analysed in combination with WMAP 3-year data in Spergel et al.23 . 
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FROM a(z) TO w(z) 
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CFP, Universidade do Porto, Rua do Campo Alegre 687, 4169-007 Porto, Portugal 

and DAMTP, CMS, University of Cambridge, Wilberforce Road, Cambridge CB3 O WA, U.K. 

I describe the theoretical motivation for and possible roles of cosmological scalar fields, focusing 
on the spacetime variation of fundamental couplings. I present our recent work on using 
varying couplings as a dark energy probe, and preliminary measurements of "' using the 
Sunyaev-Zel'doich effect. Prospects for future improvements are also. briefly described. 

1 Theoretical Expectations 

The deepest question of modern physics is whether or not there are fundamental scalar fields 
in nature. They are a key ingredient in the standard model of particle physics (cf. the Higgs 
particle, which is supposed to give mass to all other particles and makes the theory gauge­
invariant ) , but there is so far no evidence that nature has any use for them. Yet in recent years 
we have come to realize that the early universe is an ideal place to search for scalar fields, if 
they exist at all, and there have been some possible hints for them in various contexts. 

Observations suggest that the recent universe is dominated by an energy component whose 
gravitational behaviour is quite similar to that of a cosmological constant (as first introduced 
by Einstein) .  This could of course be the right answer, but the observationally required value 
is so much smaller than what would be expected from particle physics that a dynamical scalar 
field is arguably a more likely explanation. Theoretical motivation for such a field is not hard 
to find. In string theory, for example, dimensionful parameters are expressed in terms of the 
string mass scale and a scalar field vacuum expectation value. 

Now, the slow-roll of this field (which is mandatory so as to yield negative pressure) and the 
fact that it is presently dominating the universe imply (if the minimum of the potential vanishes) 
that the field vacuum expectation value today must be of order mp" and that its excitations are 
very light, with m � Ho �  10-33 eV. But a further consequence of this is seldom emphasized 1 : 
couplings of this field lead to observable long-range forces and time-dependence of the constant 
of nature (with corresponding violations of the Einstein Equivalence Principle) . 

A spacetime varying scalar field coupling to matter mediates a new interaction. If the recent 
evidence for varying couplings 2•3 is explained by a dynamical scalar field, this automatically 
implies the existence of a new force. A series of space missions (ACES, µSCOPE, STEP) will 
improve on current bounds on the Einstein Equivalence Principle by as many as 6 orders of 
magnitude. These must find violations if the current data is correct 4. Note that since the 
scalar field is effectively massless on solar system scales, the new force will be similar to gravity 
in many respects. However, if the coupling is not precisely proportional to to mass, the new 
force will be composition-dependent, manifesting itself as a violation of the Weak Equivalence 
Principle (otherwise known as the Universality of Free Fall) .  
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Moreover, in theories where a dynamical scalar field is responsible for varying a, the other 
gauge and Yukawa couplings are also expected to vary. Specifically, in GUTs there is a relation 
between the variation of a and that of the QCD scale, AQcD, implying that the nucleon mass 
will vary when measured in units of an energy scale that is independent of QCD, such as the 
electron mass. We therefore expect variations of the proton-to-electron mass ratio, µ = mp/m.­
As a typical example 5, for the MSSM embedded on a GUT one has 

f::. 
� 

AQcD 
� R'!.

. µ AQCD a 
( 1 )  

The parameter R is very model-dependent, not only in magnitude but even in sign. But the 
wide range of a-µ relations implies that simultaneous measurements of both are a powerful 
discriminating tool between competing models: we can in principle test GUT scenarios without 
ever needing to detect any GUT model particles, say at accelerators. Measurements of µ, 
although less explored than those of a ,  have been suggested a long time ago 6 . 

2 From a and µ to w(z) 

A crucial observational goal is characterizing the properties of dark energy, and in particular to 
look for dynamical behaviour. A key property is its equation of state, w = p/ p, and considerable 
effort has recently been put into trying to measure it. Current methods of choice are type Ia 
supernovae and (more recently) weak lensing. However, the question arises as to whether these 
are indeed the best tools for the task at hand. It has been known for some time 7 that supernova 
measurements are limited as a probe of the dark energy equation of state, especially if it is 
varying with redshift. Analysis of current and future constraints on the dark energy equation of 
state, from the various standard approaches and parametrized in the usual way 8 , shows that a 
convincing detection of time variation of w is unlikely even with hypothetical future space-based 
experiments such as DUNE or JDEM (be it with SNAP or DESTINY). This is expected since 
any dynamical field providing the dark energy must be slow-rolling at the present time, and for 
slow variations there will always be a constant w model that produces nearly identical results 
over the redshift range where dark energy is dynamically important. 

Luckily, better (and cheaper) alternatives are available. A potentially effective tool for 
probing dynamical dark energy has been suggested previously in 9•10, though not yet studied in 
detail: probing varying couplings is a key test to these models, and in particular the varying 
couplings can be used to infer the evolution of the scalar field, and thus to determine its equation 
of state. This is analogous to reconstructing the lD potential for the classical motion of a 
particle once its trajectory has been specified. Previous efforts only considered the variation of 
a, but variations of µ may be easier to detect than those of a, although the number of such 
measurements is currently much smaller than the a dataset-the main reason for this is the 
difficulty in finding molecular Hydrogen clouds. One of the goals of the present work is to 
encourage further measurements of µ, which are expected to lead to tighter constraints on the 
evolution of the dar:k energy equation of state than those of a if R is indeed large. 

Let us emphasize that having impreved measurements of both a and µ is extremely useful for 
various reasons. With both observables, the reconstruction will be a lot easier, not to mention 
less model-dependent. One has the advantage of a much larger lever arm in terms of redshift, 
since such measurements can be made up to redshifts of z � 4. This may not not seem a big 
advantage, since dark energy is only dynamically relevant at relatively low redshift, but in fact 
it is a key one, since the additional redshift coverage probes the otherwise unaccessible z range 
where scalar field dynamics is expected to be fastest, thus reducing (and possibly elliminating) 
the model-dependence that is unavoidable in the standard methods (where parametrisations 
like w = w0 + w 1 z are dangerously naive). Last but not least, it provides direct evidence 
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Figure 1: Simulated datasets expected for a and µ in the near future (top panels) and with CODEX (lower 
panels) ,  assuming a particular dark energy model. 

distinguishing dynamical dark energy from a cosmological constant, which given the current 
data may be very challenging for the standard cosmological tests. Figs. 1 and 2 show an example 
of our recent work 11 showing the benefits of a reconstruction using data on both couplings. 

3 a from SZ 

Becuase the reconstruction method requires calculating (first) derivatives of  data, i t  i s  important 
to have a good redshift coverage. Therefore it is also important to have a method of measurement 
that can be applied to a large range of redshifts without changing systematics. Such a method 
does exist for measuring a: it is the Sunyaev-Zel'dovich effect. Its edshift-independence makes 
it ideal. The first two such measurements 12 yield 

-0.023 < (�°') < 0.029 ' z = 0.02 
Q Coma 

-0.001 < (�°') < 0.061 , z = 0.203 
Q A2163 

(2) 

(3) 

using data from MITO, SuZIE, OVRO and BIMA. These bounds are already significant, and an 
improvement of several orders of magnitude is expected in the coming years, when throusands 
of clusters will be at hand for this task. 

4 Conclusions 

The prospects for further, more accurate measurements of fundamental constants are definitely 
bright. The methods described above and other completely new ones that may be devised thus 
offer the real prospect of an accurate mapping of the cosmological evolution of the fine-structure 
constant, a = a(z), and the proton to electron mass ratio, µ = µ(z). This may well prove 
to be the most exciting area of research in the coming years. The worse that can happen to 
cosmology is the scenario where a number of cosmological parameters are fixed by WMAP, then 
nothing new happens until Planck comes along and merely adds one digit to the precision of each 
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Figure 2: The reconstruction of the equation of state and its error band is shown for the datasets of Fig. 1.  
The dashed line represents the dark energy equation of state corresponding to the potential used to generate the 
simulated data and the solid line corresponds to the reconstruction's best fit. The dark and light region are the 

la and 2a confidence levels. 

already-known parameter. After that cosmology may well be dead: there will be little incentive 
to pushing research further to figure out what the next digit is. However, if in the meantime 
violations of the Equivalence Principle and/ or varying fundamental constants are unambiguously 
confirmed, then one will (finally) have evidence for the existence of new physics-most likely 
in the form of scalar fields-in nature (which one may legitimately hope that Planck is able to 
probe) and an entirely new era begins. 
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BEST MEDIAN VALUES FOR COSMOLOGICAL PARAMETERS 

M. ROOS 
Department of Physical Sciences, Division of High Energy Physics, University of Helsinki, Helsinki 

From the values quoted by five large, partially overlapping multi parameter fits for r, a, , w + 
1, flko and Emv one coucludes that uone of them differs significantly from zero, and that their 
correlations to other parameters are insignificant. In the determination of the other parameters 
they can therefore be ignored. However, since neutrinos are massive we select analyses includ­
ing Emv as a free parameter. We then combine the values obtained for wb, Wm , h, r, n., Emv 
and A, (or <Ts) to determine median values as well as 17-percentile and 83-percentile errors. 

1 Introduction 

Since July 2004 five large analyses 1•2•3•4•5 of cosmological parameters have appeared (we call them 
papers Pl,  P2, P3, P4 and P5) based on partly overlapping data. Since each analysis determines 
parameter values separately for different subsets of data and for several choices of parameter 
spaces, the results are legio. For instance, these five papers quote altogether 56 different values 
for the density of matter in the Universe, wm . The parameter values exhibit notable differences 
due to differing data selections, choices of priors, methods of analysis, simulation variance, and of 
course statistical fluctuations. The purpose of this review is to compare these five analyses, and 
to extract single representative values. A more complete version of this Moriond conference talk 
is publicly available 6) .  Since the third year WMAP cosmological parameters 7 were presented 
at the Moriond Conference, I comment them briefly here. 

2 Data sets and method of analysis 

The papers Pl-P5 all use the CMB (TT) 8 and (TE) 9 power spectra on large angular scales 
from the first year Wilkinson Microwave Anisotropy Probe (WMAP) observations. They analyze 
various combinations of the Sloan Digtal Sky Survey (SDSS) galaxy clustering data 10•11 , the 
SDSS galaxy bias analysis at z = 0.1 12 , a recent sample of luminous red galaxies (LRG) 2 , 
the 2dFG RS power spectrum of galaxy clustering 13 , the supernova type Ia "gold" set data 14 ,  
Ly-a forest data 15 , and the CMB temperature and polarization data measured by A CB AR 16 , 
BOOMERanG 3, CBI 17•5 , DASI 18, MAXIMA 19 , and VSA 20 . All analyses quote results from 
fits to different subsets and combinations of data sets that are to a large extent overlapping 
and therefore not independent. Moreover, parts of the reported errors are systematic and not 
stochastic, so different data sets cannot be summarized using frequentist or Bayesian methods. 
Since the purpose of the present analysis is to obtain accurate information about parameter 
values rather than to test different sets for consistency or for correlations, we consider only fits 
to maximal data sets, not to subsets differing in selection or methods. 
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Many parameters are determined with quite low precision, the published ler errors are large, 
the correlations likewise insignificant, and the choices of data subsets demonstrate notable vari­
ations in the parameter values. The tendency in the cosmological literature is to draw optimistic 
conclusions from ler and 2er confidence regions obtained by marginalization in many-parameter 
spaces. We think that parameter estimates from the five data sets, at their present state of 
accuracy, can well be combined without sophisticated methods. 

We represent each measurement i of a parameter a by a Gaussian ideogram with central 
value ai, symmetrized error oai, and unit area. (In least squares fitting one weights the area by (oai ) -2 ) .  We sum these ideograms and define our best values as medians , not means. In lieu of 
variances we define our errors as the 17-percentiles and the 83-percentiles of the sum ideogram. 
The most notable effect is then that these " errors" are always larger than the smallest individual 
error in the data set, whereas in statistical averaging errors always come out smaller than the 
smallest error entering. This reflects the systematic errors and selection errors which anyway 
cannot be treated statistically. 

3 Parameter spaces and fits 

The most general parameter space explored in the five papers is 13-dimensional, p = (wb, Wm, nk, 
I:m.,, T, h, erg , b, w, w1 , n . ,  A,, a,, r) . However, all fits are done in a "standard" 6-parameter space 
of wb, Wm, T, h, erg, n8, or in a space enlarged to 7 parameters. 

The matter density parameter Wm is related to the normalized density parameter by nm = 
Wm/h2 where h is the Hubble parameter in units of 100 km s-1 Mpc-1 . Similarly, nb = wb/h2 is 
the normalized baryon density parameter and ndm = Wdm/h2 is the nor.malized density param­
eter of dark matter. The density parameter of dark energy is then nA = 1 - nm - nk, where 
nk is the curvature or vacuum density. The ratio of pressure to energy density for dark energy 
is w = wo + w1 ( 1  - a), where a is the scale parameter of the Universe. The fraction of dark 
matter that amounts to neutrinos is f v = n.,/ndm· Assuming that the neutrinos are Majorana 
particles with standard freeze-out, the neutrino mass sum is I:m., = 94.4 Wdmfv eV. 

The parameters T, n., a. , A,, r, b describe fluctuation properties: the scalar spectral index 
is n., the scalar amplitude is A, ,  alternatively described by erg , the r.m.s linear mass perturbation 
in 8h-1 Mpc spheres. The ratio of tensor to scalar amplitudes is r = At/A. , and the running of 
n, with k is a, = dn8/dk. The parameter T measures the Thomson scattering optical depth to 
decoupling, and b is the bias factor describing the difference in amplitude between the galaxy 
power spectrum and that of the underlying dark matter. ' 

3. 1 Parameters r, a, , w, we , Wi , nk, no, I:m., 

Pl,  P3 and P4 quote upper limits (95% CL) for the parameter r, the smallest value being 
r < 0.36 in 7-parameter fits with a, = 0, I:m., = 0 and w = - 1.  The effect of including r as a 
seventh free parameter is that the information on the basic six parameters is degraded - their 
errors increase, but their central values change only within the quoted ler errors. Thus there is 
no significant evidence for r =/= 0, only for a commonly acceptable limit r < 0.4. 

The parameter a, as determined by Pl is consistent with zero. P3 quotes a value in rather 
marked disagreement with Pl .  The effect of including a, in the Pl  and P3 fits increases the 
errors of the basic parameters considerably. To proceed, we take a, = 0. 

Pl ,  P2, P3 and P4 have determined values of w in 7-parameter fits. In Pl and P3 this has 
very little effect on the errors and central values of the basic six parameters, more so in P4, but 
the correlations are still insignificant. Including w as a fifth parameter in P2 degrades the errors 
of their basic four parameters, but changes their central values by less than ler. One concludes 
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Table 1: Recommended values of parameters 

Parameter Definition Median 83-/17-percentile, 
or 95% CL limit 

lO'wb 10' x baryon density 2.28 +0.12/ - 0.13 
nb = Wb/h2 Normalized baryon density 0.048 +0.005/ - 0.004 

Wm Total matter density 0.139 ±0.011  
nm = Wm/h2 Normalized matter density 0.286 +0.030/ - 0.028 

ndm = nm - nb Normalized dark matter density 0.238 +0.030/ - 0.028 
nA = 1 - nm - nk Normalized dark energy density 0.714 +0.028/ - 0.030 

h Hubble parameter (100 km/s Mpc] 0.687 +0.034/ - 0.047 
I:m,, Neutrino mass sum < 1 . 1  eV 

T Thomson scattering optical depth to decoupl. 0.147 +0.068/ - 0.064 
n, Scalar spectral index 0.962 +0.030/ - 0.027 

ln{1010 As) Scalar fluctuation amplitude 3 . 12 +0. 14/ - 0.12 
as RMS linear mass perturb. in 8h- 1  Mpc spheres 0.81 +0.09/ - 0.14 

r = At/As Tensor to scalar amplitude fluctuation ratio < 0.4 
a8 = dn8/dk Running scalar index -0.011 ±0.012 

w Dark energy EOS -0.92 +0. 17/ - 0. 12  
nk Normalized vacuum density -0.023 +0.017 / - o.o5o 

that there is no significant information indicating w # -1 or w1 # 0. Although some correlayion 
to other parameters is claimed, it is not significant. 

P2, P3 and P4 quote values for nk for the case w = -1 .  The general tendency is confirmed 
that the inclusion of a free parameter nk degrades the information on the basic parameters, yet 
the correlations are insignificant. In the sequel we shall only use parameter values determined 
under the assumptions of flat space and r = as = w1 = w + 1 = 0. 

Since neutrino oscillations occur, that is a motivation to include I:m,, in the fits. P l ,  P3 and 
P4 do search for neutrino information in 7-parameter fits, however only upper limits are given. 

The wb values found in the five analyses are very consistent, uncorrelated with other parameters 
and robust against different choices of parametei sets and priors, and in good agreement with 
the BBN value 21 . 

The Hubble parameter h could be obtained from Pl ,  P2, P3 and P4. Since P3 and P4 
exhibit clearly the effect of a variable neutrino mass, we do not use P2 and P5 which do not 
vary I:m,,. The parameter Wm is determined better than nm = wm/h2 , the preferred route to 
nm is to use Wm and h. The available input data are the Pl value for nm, the P2 value for Wm, 
and the Wdm values from P3, P4, and P5. Combining these values in the most efficient way with 
h and Wb one finds the median with smallest errors. 

3. 3 Parameters T, ns, A51 as 

The parameters T and nk are significantly correlated 4 , so i f  nk is taken to be zero, also T will 
be small. The median values of T and ns, based on data from Pl ,  P3, P4, and P5 and the first 
year WMAP data 8•9 actually turn out to be rather close to what WMAP3 now reports 7 .  
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Finally, P3, P4, and P5 quote values for the scalar fluctuation amplitude both as ln(1010 As ) 
and as o-8, Pl  quotes o-8. Since o-8 is rather strongly correlated with T and nm, a more accurate 
determination of the latter could have been obtained if all experiments had agreed to fix o-s and 
T at some common values. 

4 Conclusions 

By combining results from five large data analyses 1 •2•3•4•5 we have obtained median values for 
the parameters Wb, Wm, h, T, n, ,  As and the derived parameters nb, nm, nA , ndm, 0-3, all 
summarized in Table 1 .  No significant values can be obtained for r, as , w, Ok and �mv. 

Note that although the new WMAP3 values are more accurate than the old ones, if combined 
with other data (WMAP3 offers 8 such alternatives 7) the selection variance continues to be the 
dominating error. 
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We derive upper limits on the sum of neutrino masses from an updated combination of data 
from Cosmic Microwave Background experiments and Galaxy Redshifts Surveys. The results 
are discussed in the context of three-flavor neutrino mixing and compared with neutrino oscil­
lation data, with upper limits on the effective neutrino mass in Tritium beta decay from the 
Mainz and Troitsk experiments and with the claimed lower bound on the effective M ajorana 
neutrino mass in neutrinoless double beta decay from the Heidelberg-Moscow experiment. 

1 Introduction 

Cosmological observations have started to provide valuable upper limits on absolute neutrino 
masses (see, e.g. , the reviews l ,2) ,  competitive with those from laboratory experiments. In 
particular, the combined analysis of high-precision data from Cosmic M

.
icrowave Background 

(CMB) anisotropies and Large Scale Structures (LSS) has already reached a sensitivity of O(eV) 
(see, e.g., 3•4•5) for the sum of the neutrino masses B ,  

( 1 )  

We recall that the total neutrino energy density in our Universe, D.,,h2 (where h i s  the Hubble 
constant normalized to Ho = 100 km s-1 Mpc-1 )  is related to B by the well-known relation 
D.,,h2 = B/ (93.2 e V) 6, and plays an essential role in theories of structure formation. It can thus 
leave key signatures in LSS data (see, eg.,7) and, to a lesser extent, in CMB data (see, e.g.,8 ) .  
Recently, it has also been shown that accurate Lyman-a (Lya) forest data 9, taken at face 
value, can improve the current CMB+LSS constraints on B by a factor of � 3, with important 
consequences on absolute neutrino mass scenarios1° .  
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On the other hand, atmospheric, solar, reactor and accelerator neutrino experiments have 
convincingly established that neutrinos are massive and mixed. World neutrino data are con­
sistent with a three-flavor mixing framework (see 11 and references therein) , parameterized in 
terms of three neutrino masses (m1 , m2, m3) and of three mixing angles (812, 823 , 813 ) ,  plus a 
possible CP violating phase 6. 

Neutrino oscillation experiments are sensitive to two independent squared mass difference, 
6m2 and tlm2 (with 6m2 « tlm2) ,  hereafter defined as 12 

2 2 2 2 ( 6m2 6m2 2) (m1 , m2 , m3) = µ  + - -2- , + -2- , ±tlm ' (2) 

where µ fixes the absolute neutrino mass scale, while the cases +tlm2 and -tlm2 identify 
the so-called normal and inverted neutrino mass hierarchies, respectively. Neutrino oscillation 
data indicate that 6m2 '.:::'. 8 x 10-5 eV2 and tlm2 '.:::'. 2.4 x 10-3 eV2 . They also indicate that 
sin2 812 '.:::'. 0.3, sin2 823 '.:::'. 0.5, and sin2 813 :::; few%. However, they are currently unable to 
determine the mass hierarchy (±tl.m2) and the phase 6, and are insensitive to the absolute mass 
parameter µ in Eq. (2). 

The absolute neutrino mass scale can also be probed by non-oscillatory neutrino experiments. 
The most sensitive laboratory experiments to date have been focussed on tritium beta decay 
and on neutrinoless double beta decay. Current experiments (Mainz 14 and Troitsk 15) for the 
effective electron neutrino mass mf3 13 provide upper limits in the range mf3 :::; few eV. 

Neutrinoless double beta decay (Ov2/3) experiments are instead sensitive to the so-called 
effective Majorana mass mf3f3 (if neutrinos are Majorana fermions) ;  all Ov2f3 experiments place 
only upper bounds on mf3f3 (the most sensitive being in the eV range), with the exception of 
the Heidelberg-Moscow experiment 18 , which claims a positive (but highly debated) Ov2/3 signal 
ffi(3(3 > 0.17 eV at 95% c.l. and corresponding to mf3f3 in the sub-eV range at best fit 19•20 • 

In these proceedings, we will briefly illustrate the impact of the cosmological constraints on 
the sum of neutrino masses on the three-flavor mixing theoretical and observational scenario. 

2 Bounds from cosmology, laboratory and astrophysics 

The neutrino contribution to the overall energy density of the universe can play a relevant role in 
large scale structure formation and leave key signatures in several cosmological data sets. More 
specifically, neutrinos suppress the growth of fluctuations on scales below the horizon when they 
become non relativistic. 

To constrain E from cosmological data, we perform a likelihood analysis comparing the 
recent observations with a set of models with cosmological parameters sampled as follows: 
cold dark matter (cdm) density !1cdmh2 E [0.05, 0.20] in steps of 0.01; baryon density Obh2 E 
[0 .015, 0.030] (motivated by Big Bang Nucleosynthesis) in steps of 0.001 ;  a cosmological con­
stant nA E [0.50, 0.96] in steps of 0.02; and neutrino density Ovh2 E [0.001, 0.020] in steps of 
0.002. We restrict our analysis to fiat A-CDM models, !110t = 1, and we add a conservative 
external prior on the age of the universe, to > 10 Gyrs. The value of the Hubble constant 
in our database is not an independent parameter, since it is determined through the flatness 
condition. We adopt the conservative top-hat bound 0.50 < h < 0.90 and we also consider the 
lCT constraint on the Hubble parameter, h = 0.71 ± 0.07, obtained from Hubble Space Telescope 
(HST) measurements 21 . We allow for a reionization of the intergalactic medium by varying the 
CMB photon optical depth Tc in the range Tc E [0.05, 0.30] in steps of 0.02. 

We restrict the analysis to adiabatic inflationary models with a negligible contribution of 
gravity waves. We let vary the spectral index n of scalar primordial fluctuations in the range 
n E [0.85, 1 .3] and its running dn/ d In k E [-0.40, 0.2] assuming pivot scales at k0 = 0.05 Mpc-1 
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and ko = 0.002 Mpc-1 • We rescale the fluctuation amplitude by a prefactor C1 10 , in units of 
the value C{jt'AP measured by the Wilkinsin Microwave Anisotropy Probe (WMAP) satellite. 
Finally, concerning the neutrino parameters, we fix the number of neutrino species to Nv = 3,  
all with the same mass (the effect of mass differences compatible with neutrino oscillation being 
negligible in the current cosmological data 22) .  An higher number of neutrino species can weakly 
affect both CMB and LSS data (see, e.g., 23 ) but is highly constrained by standard big bang 
nucleosynthesis and is not considered in this work, where we focus on 3v mixing. 

The cosmological data we considered comes from observation of CMB anisotropies and po­
larization, galaxy redshift surveys and lumiriosity distances of type Ia supernovae. For the CMB 
data we use the temperature and cross polarization results from the WMAP satellite 3 using the 
method explained in 24 and the publicly available code. 

Given a theoretical temperature anisotropy and polarization angular power spectrum in our 
database, we can therefore associate a xiMAP to the corresponding theoretical model. 

We further include the latest results from other CMB datasets. The CMB data analysis 
methods have been already described in 11 and will not be reported here. 

In addition to the CMB data we also consider the real-space power spectrum of galaxies 
from either the 2 degrees Fields (2dF) Galaxy Redshifts Survey or the Sloan Digital Sky Survey 
(SDSS) ,  using the data and window functions of the analysis of 25 and 4. We restrict the 
analysis to a range of scales over which the fluctuations are assumed to be in the linear regime 
(k < 0.2h-1 Mpc) . When combining with the CMB data, we marginalize over a bias b for each 
data set considered as an additional free parameter. 

We also include information from the Lya Forest in the SDSS, using the results of the 
analysis of 10 and 9 , which probe the amplitude of linear fluctuations at very small scales. For 
this data set, small-scale power spectra are computed at high redshifts and compared with the 
values presented in 9. As in 10 , we do not consider running. 

We finally incorporate constraints obtained from the SN-Ia luminosity measurements of 26 
using the so-called GOLD data set. Luminosity distances at SN-Ia redshifts are computed 
for each model in our database and compared with the observed apparent bolometric SN-Ia 
luminosities. 

The results coming from from the joint analysis of CMB + SN-Ia + HST + 2dF + Lya, 
assuming no running in the analysis, show a 2a- bound � < 0.47 eV, in very good agreement 
(despite the more approximate method we used) with the analysis already presented in 10 

Then we add bounds from laboratory and astrophysics. We consider confidence regions 
obtained from analysis of neutrino oscillation data, of mf3 and mf3f3 data and cosmological 
CMB+LSS data (see 1 1  for more details) .  Figure 1 shows such regions projected in the three 
coordinate planes. a Separate laboratory and cosmological upper bounds at the 2a level are 
shown as dashed lines, while the regions allowed by the combination of laboratory, cosmologi­
cal, and oscillation data are shown as thick solid curves for normal hierarchy and as thin solid 
curves for inverted hierarchy. It can be seen that the upper bounds on the (mf3, mf3f3, �) observ­
ables are dominated by the cosmological upper bound on �. This bound, via the (mf3, �) and 
(mf3f3 , �) correlations induced by oscillation data, provides upper limits also on mf3f3 and mf3, 
which happen to be stronger than the current laboratory limits by a factor � 4. 

In Fig. 1, the tension (at 2a) between the limits from cosmology and the lower limit on 
ffi(3(3 > 0.17 eV claimed by the Heidelberg-Moscow experiment is a clear symptom of possible 
problems, either in some data sets or in their theoretical interpretation, which definitely prevent 
any global combination of data. It would be premature to conclude that, e.g., the Ov2/3 claim 
is "ruled out" by cosmological data but it is anyway exciting that global neutrino data analyses 
have already reached a point where fundamental questions may start to arise. 

a For the sake of brevity, the subdominant block of data (SN-la + HST) is not explicitly indicated in figure 
labels. 
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Figure 1: Global 3v analysis in the (m13 , m138, E) parameter space, using oscillation data plus laboratory data 
and cosmological data. This figure implements also upper limits (shown as dashed lines at 2a level) on m13 
from Mainz+Troitsk data, on maa from Ov2f3 data, and on E from CMB+2dF+Lya data. In combination with 
oscillation parameter bounds, the cosmological upper limit on E dominates over the laboratory upper limits on 

m8 and mi3i3 · 
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PROSPECTS OF MEASURING NEUTRINO MASSES AND DARK ENERGY 
WITH WEAK LENSING TOMOGRAPHY 

H. TU 
Department of Physics and Astronomy, Ny Munkegade, 

8000 Aarhus C, Denmark 

We investigate how tomographic information- can help to improve the sensitivity of future 
weak lensing surveys to neutrino masses and the equation of state parameter of dark energy. 
Systematics are carefully taken into account. We also outline other cosmological probes with 
similar abilities, which can be combined with weak lensing measurement. 

1 Neutrinos and Dark Energy 

Cosmology has reached a precision level that " nonstandard" parameters begin to be constrained. 
Those of great interest are for example the absolute neutrino mass scale and the dark energy 
equation of state w and/or its time evolution. 

Neutrinos with masses in the sub-eV range constitute the hot dark matter. After decoupling, 
they stream out from overdense into underdense regions, smoothing out inhomogeneities at scales 
smaller than their free-streaming length Afs· This leads to a suEpresion of present matter power 
a la �P(k) / P(k) '.:::'. -8 nv/nm at k » 27r I Afs, where Ovh2 '.:::'. 

93.5
m:v is their relic energy density. 

Direct laboratory experiments constrain the neutrino mass to mv S 2.2 eV, and the KATRIN 
experiment is expected to pin down to 0.2 eV. In the mean time, cosmology imposes a bound 
of I: mv S 0.4 - 1 eV, depending on the survey(s) considered and data used (see e.g. Ref. 3•13), 
but also on some not simultaneously well constrained parameter(s) 2• We take the (I: mv - w) 
degeneracy admitted in the CMB ( + LSS + SNia) data as an example, and demonstrate how 
it can be broken by adding the weak lensing (tomography) data. 

The dark energy density nde and the dark energy equation of state w(z) determine the 
expansion rate of the universe 

( 1 )  

Dark energy also suppresses the growth rate of structure D(a) = P(k, a) /P(k, a = 1 ) .  Best fit 
values w '.:::'. -0.97 or -1 .023 (for a constant w) are found by e.g. combining W MAP with SNLS 
data, and the latter with baryon acoustic oscillation data from SDSS, respectively. Assuming 
a simple time evolution for w (z) , we obtain 10' errors of order 0.05 from future weak lensing 
tomography data combined with CMB data (cf. Tabel 1 ) .  

2 Weak Lensing Tomography 

Weak gravitational lensing/cosmic shear measurements trace directly matter distribution in a 
wide range of scales, without invoking a light-to-mass bias parameter. The Canada-France-
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Hawaii Telescope Legacy Survey (CFHTLS) 4 already provides competitive constraints on as 
and Om. The source galaxies can also be separated in two subsets based on their estimated 
photometric redshifts to infer satisfactory shear statistics. Future ambitious projects such as 
SNAP 5, LSST 7 will allow grouping the source galaxies into more redshift bins. We consider 
the weak lensing auto- and cross convergence spectrum in the case of a fiat universe 

c;i = 
1
9
6 H6 0� foXh dx g;(:;�2(X) P(£/x, z) , (2) 

where x = J� dz'/ H(z') is the comoving radial distance, with Xh denoting the horizon. The 
weighting function for the i-th tomography bin is given by 

1Xh X' 
- X g; (x) = 2x dx' n(x') --, - , where n;(z) ex n; 

x x 
( z ) <>; [ ( z ) {3;] 

zo ; exp - zo ; (3) 

is the number of source galaxies per steradian at redshifts [z, z + dz] in the i-th bin, normalised 
to J000 dzn;(z) = 1. The weak lensing statistics can roughly be understood as a projection of 
the 3-dimensional matter power spectrum P(k, z) onto a 2-dimensional surface, with the most 
contribution coming from k � £/(x(zo)/2) (in the case of only one bin) . While dark energy 
equation of state w(z) determines majorly the projection, the neutrino mass alters dominantly 
the matter power spectrum. The efficiency of tomographic binning in gaining extra information 
can be quantified by the correlation coefficient Rij = c;i Iv Cli c11. 
3 Systematic Effects 

i) Photometric redshift uncertainties: 
current photometric techniques have uncertainties of ;S 10% per galaxy. The accuracy can be 
further improved for space-based surveys adopting , IR-filters, as proposed for SNAP 5. For a 
ground-based survey such as LSST, spectroscopic calibration of the photometric redshift system 
is required 7. We follow the approach of Ref. 6, where the true number of galaxies per steradian 
in the i-th tomography bin is recovered by 

(4) 

where nga1 (z) is the true overall galaxy number density at redshifts [z, z + dz] . The probability 
that a given z is measured as Zph is assumed to be Gaussian, i.e. p ex exp [-(Zph + Zbias - z)2 /2a;] , 
with az(z) and Zbias(z) the scatter and the bias parameters, respectively. In general, as long as 
the tomography bin width is sufficiently larger than O"z, photometric undertainties should not 
present a problem to weak lensing tomography. 
ii) Galaxy shape measurement errors: 
this can be divided into multiplicative and additive errors. The former are due to errors in­
shear calibration and PSF size estimation. It is estimated to be 2% 8 currently, and is expected 
to be controlled to 1 % by the time SNAP /LSST start. We follow the approach in Ref. 9 and 
define the convergence spectrum as c;j = c;1 x (1 + f; + fj) ,  where f; is the irreducible part 
of the shear calibration error in the i-th tomography bin, after averaging over all directions 
and redshifts within that bin. Additive errors arise when artificial shear signals are induced. 
Current simulations8 suggest that they are controlled to under 10-3 . This kind of errors generally 
depends on £ and is more difficult to parametrise. We neglect them in our analysis. 
iii) Theoretical uncertainties: 
weak lensing surveys are sensitive to scales of several arcminutes, i.e. £ � 1000. This means that 
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Table 1: Projected l<Y errors from various combinations of Planck and weak lensing. The labels "Wide" and 
"Deep" denote the two generic lensing surveys considered in this work, and the suffix number indicates the 

number of tomography bins used in the analysis. 

Planck +Wide-1 +Wide-5 +Deep-1 +Deep-5 
u(I; mv) (eV) 0.48 0.15 0.043 0.39 0.047 
u(wo) 0.83 0.093 0.034 0.35 0.045 
u(wa) 4.0 0.39 0.081 1 .7 0.063 
u(!lde) 0.08 0.020 0.0068 0.036 0.0099 

dominant contribution to the signals comes from density perturbations of co-moving wavenum­
bers k � 1 -+ 10 h Mpc-1 at z � 0.5. Weak lensing thus probes mostly the non-linear regime, 
and proper corrections to the linear matter power spectrum calculated with e.g. CMBFAST 10 
must be applied. At present, all N-body simulations agree within 5 - 10% for ACDM cosmolo­
gies, and there are various semi-analytical and fitting formulae, tested at best to roughly 10% 
against simulations for our use. In the future, this uncertainty need to be reduced to 1 -+ 2% 11 . 

In our present work we adopt the "halo model" approach (see e.g. Ref. 12) , and observe that the 
relative suppression (t:.P(k)/P(k)) due to neutrino free-streaming seems to be smaller therein 
than when no non-linear corrections are applied. 

4 Error Forecast 

We consier generic wide (LSST-like) and deep (SNAP-like) surveys, combined with projected 
CMB measurements from PLANCK ( 1  year). We first apply a Fisher matrix analysis, where 
the lensing observable is the number-weighted convergence spectrum, Ct = n;ni c;1 • This has 
the advantage of reflecting changes in the photometric redshift parameters. For the dark energy 
equation of state, we adopt the parametrisation w(z) = wo+wa(l-a(z)) for its time-dependence. 
Our fiducial model is a flat universe, described by 11 parameters: I; mv = 0.07 eV, !1cte = 0.7, 
!1bh2 = 0.0245, !1ch2 = 0.1225, wo = -1, W a  = 0, n, = 1 ,  a ,  = 0, us = 0.9, T = 0.05 and 
Neff = 3. In addition, we marginalise over the nuisance parameters for the systematics, for 
which the fiducial values z�ias = 0 and a� = 0.05, as well as f; = 0 are chosen. Appropriate 
priors on them are also imposed. 

We divide the redshift range [O, 3] into nt = 1, 2, 3, 5, 8 tomography bins. One sees that 
(cf. Table 1) weak lensing (wide) improves the w0 and Wa error estimates from CMB alone by 
roughly a factor of ten. If tomographic information is used, both wide and deep surveys achieve 
comparable absolute errors. For the neutrino mass, we find a sensitivty of a(I; mv) < 0.05 
e V can be reached if 5 tomography bins are used. Table 2 demonstrates that weak lensing 
tomography indeed breaks the I: mv-w degeneracy effectively: when five bins are used, fixing in 
the original model {Neff , a,, wo, wa} at e.g. {3, 0, -1 ,  O} (the 7 parameter model) only improves 
the lu error for I: mv by 15%, whereas without tomography the difference is almost a factor of 
two. 

5 Other Measurements for the Neutrino Mass 

Baryon Acoustic Oscillations (BAO) measurements infer the Hubble parameter H(z) and the 
angular diameter distance DA (z) separately. They therefore break the I: mv - w degeneracy in 
a similar way as weak lensing does. They are orthogonal to SNia measurement in the (Om, w) 
parameter space. Using the recent SDSS LRG data combined with CMB (WMAP 3 year) + LSS 
+ SNia data, a robust bound ofI; mv S 0.62 (11 parameters) or 0.48 eV (fixing Neff =  3, w = - 1  
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Table 2: Projected lu constraints on the neutrino mass from various combinations of Planck and an LSST-like 
wide lensing survey (with one and five tomography bins) for two cosmological models. 

Model Cosmological probes CT(L mv) 
1 1  parameters Planck only 0.48 eV 
1 1  parameters Planck+ Wide-1 0.15 eV 
1 1  parameters Planck+ Wide-5 0.043 eV 
7 parameters Planck+ Wide-1 0.082 eV 
7 parameters Planck+ Wide-5 0.037 eV 

and a8 = 0) is derived 13. 
CMB photons from the last scattering surface at z � 1100 are also deflected by the same large 

scale structure at z ;S 3. Extracting the weak lensing information encoded in the CMB signal 
from e.g. Planck will yield a CT(L mv) of 0.15 e V 14 .  Prospects of determining the neutrino and 
dark energy properties shall be evaluated by combining all these measurements in a full Markov 
Chain Monte Carlo analysis 15 . 
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SHAPELET ANALYSIS OF WEAK LENSING SURVEYS 
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Shapelets are basis functions well adapted to astronomical data and a convenient tool for weak 
lensing analysis. We present their formalism and the associated pipeline we use to analyse 
weak lensing surveys, with an emphasize on PSF modelling. We then show the preliminary 
mass map we infered from the weak lensing processing of a CFHTLS/Megacam image. vVe 
perform an E/B decomposition, which reveals significant E-mode detections. We finally find 
that this mass map matches well previous KSB cosmic shear measurement, and that the 
main halos that we detect have counterparts analyses of the same region of the sky in other 
wavelengths. 

1 Introduction 

Weak lensing is observable through the distorsion it produces in the image of distant galaxies, 
due to the gravitational potential of intervening large scale structures between those galaxies 
and the observer. After its first detections a few years ago, we now enter a new era in which 
we are aiming at measuring it with a high precision, so as to constrain cosmological parameters. 
To do so, we need to possess a precise and accurate tool, that allows us to deal with images 
inevitably noisy, pixellated, and convolved with a PSF. In this proceeding, after introducing the 
shapelet method, we show how to perform an actual shapelet decomposition and PSF modelling. 
We apply the presented method to real data, and show some preliminary results on a CFHTLS 
Deep field. 

2 Shapelets 

Shapelets are a complete, orthogonal, set of basis functions, with which one can efficiently 
decompose galaxy images 1•2•3•4. Their Cartesian form consists of Hermite polynomials weighted 
with a gaussian. Their polar form, which we will use hereafter, consists of Laguerre polynomials 
weighted with a gaussian. An object with profile f (r, B) can thus be decomposed into a: weighted 
sum of polar shapelets basis functions Xn,m as 

"e-mail : joel.berge@cea.fr 

oo n 
J (r, B) = L L fn,mXn,m(r, B; /3) 

n=O m=-n 
( 1 )  
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Figure 1: Illustration of a shapelet decomposition of a real galaxy image. The observed galaxy (top-left),  a 
PSF model (bottom-left) and an analytical model of the galaxy (bottom-right) are the inputs to an iteration. 
This is used to convolve the analytical model with the PSF (bottom-center), and to compare a pixellised model 

(top-center) with the observed galaxy until residuals (top-right) are consistent with noise. 

where fn,m is the shapelet coefficient oforder (n, m), given by fn,m = ff f (r, B)xn,m (r, 8; f3)rdrd8, 
where f3 is a typical scale. In practice, most of the shape information is contained within the 
first coefficients. This allows us to truncate the sum (1 )  to a certain maximum order of decom­
position nmax· Furthermore, the shapelets formalism provides an intuitive and analytical form 
for mathematical operations such as convolution, and provides a natural shear operator.. It is 
therefore well adapted to the challenge of cosmic shear measurement. 

The way we use shapelets is summarized by Figure ( 1 ) .  We first isolate the galaxy that we 
want to decompose into shapelets (top-left) .  We then create an analytical shapelet model of 
this galaxy (bottom-right) . Knowing a priori the PSF on that galaxy, and having a shapelets 
decomposition of it (bottom-left) ,  we convolve it to the shapelet model of the galaxy in shapelets 
space (bottom-center) .  We pixellise our convolved model, so as to have a model of the observed · 

galaxy (top-center) ,  which we can directly compare to the original galaxy. We use a least-square 
fit to obtain a faithful convolved, pixellised, model of the galaxy, for which the residuals with 
the original galaxy are consistent with noise (top-right) . 

This way, we obtain an analytical model of galaxies, free from pixellization and noise, and 
deconvolved from the PSF, that we eventually use for measuring cosmic shear. 

As mentioned above, the shapelets decomposition of a galaxy requires knowledge of the PSF 
at the position of each galaxy. Modelling the PSF is a crucial task, since the PSF ellipticity is 
typically 5-103, while we are seeking for weak lensing distorsions of a few percents, and needs 
particular care. This is achieved by first selecting stars, and decomposing them into shapelets 
so as to have a shapelet model of the PSF at the position of the stars. Since shapelets use 
all the shape information for the PSF correction, we need to model all the shape information 
of the PSF, and not only its first moments as done by previous generation shear measurement 
techniques 5 .  This includes the proper modelling of the wings of the PSF. The left two panels of 
Figure (2) show a typical PSF of the CFHTLS/Megacam Deep survey and its profile : although 
its FWHM is low (� 0 .7arcsec) ,  its wings spread far from the center (5-6 arcsec) . To obtain an 
acceptable model, we have to decompose it into shapelets to a high order of decomposition. The 
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Figure 2: Left : typical CHFT/Megacam PSF, the solid line shows the SExtractor's size of the star. Center : 
profile of this PSF ; squares show the observed profile, the solid line is for the shapelet model profile. Right : 

residuals of the shapelets model relative to the observed PSF. 

right panel of Figure (2) shows the residuals between the star on the left panel, and its shapelets 
model obtained with an order of decomposition nmax = 28. Residuals due to its large wings 
are still visible but are two orders of magnitude smaller than the star brightness, and therefore 
negligeable. Finally, since the PSF must be known at the position of the galaxy that we want to 
correct, we interpol_ate its shapelets coefficients at the position of each galaxy, using polynomial 
basis functions. 

Before using this pipeline on real data, we tested it on the STEP weak lensing simulations> 
and found good shear recovery. Our results are already competitive with older and best imple­
mentations of first generation shear measurement techniques. 

3 Analysis of CFHTLS /Megacam images 

We used the pipeline described above to analyse CFHTLS/Megacam images. We show here the 
preliminary results we obtained on the Dl field, which covers 1 deg2 with an exposure time of 
132 hours in the I band, which we selected for the weak lensing analysis. For convenience, in 
this preliminary analysis, we had to cut the original image into quarters, therefore introducing 
supplementary edge effects while modelling the PSF across the image. We thus put masks at the 
border of quarters, as shown by the black areas on Figure (3) . This figure shows the mass map 
we infered from our weak lensing measurement, using a wavelet mass reconstruction method 7. E 
modes, which are due to weak lensing, and trace the distribution of matter, are shown on the left 
panel. B modes, which are created by systematics and show spurious detections, are shown on the 
right panel. Clearly, there are significant E modes, without B mode counterparts. We detect 
approximately 4 such halos on one square-degree, which represent a number density roughly 
compatible with a ACDM cosmology and with Subaru results 8 .  They match well detections 
made using an independent KSB shear measurement method 9. They also have counterparts 
in a light map of the same region 10 , and in X-ray detections 11 . Nonetheless, a few B modes 
remain, mostly on the edges of the image. They are however less numerous than, and are not 
correlated with, E modes. Thus, they do not plague the main halo detections on this image, 
and should disappear with future improvements of the PSF modelling. 

4 Conclusion 

The shapelets method is a new generation shear measurement method which aims at meeting 
the high precision shape measurement challenge. We developed an IDL pipeline which includes 
a PSF modelling, and tested it blindly on the STEP simulations, before using it on real images. 
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Figure 3: Mass map of the CFHT /Megacam Dl deep field. Light spots correspond to detections (left : E modes ; 
right : B modes).  The black cross on fields corresponds to masks that we put after splitting the field into quarters. 

So far, we have preliminary results on CFHTLS/Megacam Deep fields, which are comparable 
(and compatible) with other weak lensing analysis and with other wavelengths analysis of the 
same region of the sky. We are now applying the shapelets method to more images. These 
will be used to build a mass-selected halo catalogue which will be compared with the XMMLSS 
X-ray catalogue 12. 
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The 8 0 0 !\ I ERANG - 803 experiment has performed three surveys (deep, shallow, galactic) 
of selected regions of the southern sky. Maps of the Sto1"es parameters I .  Q, U at 145, 245, 
:145 G H z  have been obtained. covering several hundreds of square degrees. with a resolution of 
� 1 0 ' .  Jn the deep and shallow surveys, both at high Gitladic latitudes, t he l.J5 G H z  I map is 
dominated hy C � I B  anisotropy. The angular power spectrum cfT is consistent with previous 
measurements from 8 00:\IERA:-iG -898 . with extended multipoles range and improved 
precision. A polarized C!'vl8 component is detected in the deep survey. The level and shape of 
cf E and cf E are consistent with the CM8 polarization expected in the adiabatic inflationary 
model best fitting the cfr . Foregrounds are shown to be negligible in the deep survey at 145 
GHz. 
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1 CMB polarization 

CMB photons are last scattered by electrons at z � 1 100. Any local quadrupole anisotropy 
in the incoming photons creates a degree of linear polarization in the scattered photons. The 
expected polarization is quite weak (1 .2·3.4·5 ) .  The polarization field can be expanded into a curl­
free component (E-modes) and a curl component (B-modes) . In standard cosmological models 
four non-zero power spectra can be obtained from these components: (TT) , (TE) , (EE) ,  (BB) .  
Density perturbations can only produce E-modes of polarization (see e.g. 6 ) .  In the concordance 
model, (EE) � O.Ol (TT) : for this reason it is very difficult to measure CMB polarization. 
On large angular scales the polarization is sensitive to the details of the reionization history 
of the Universe. On smaller angular scales, peaks in the polarization spectra arise from the 
same acoustic oscillations at last scattering as those in the total intensity spectra. However , 
the peaks in the polarization spectra are predicted to be out of phase with the intensity peaks 
since the former are sourced by the velocity term of the photon-baryon fluid while the latter 
are generated by the density term. This effect provides the strongest constraint on the origin 
of the structure observed in the spectra. In the Inflation scenario a faint background of tensor 
perturbations (gravitational waves) is generated 7•8·9• 10 •  These produce quadrupole anisotropy 
at recombination, and, as a consequence, both E-modes and B-modes in the CMB polarization 
pattern. Their level depends on the energy scale of inflation, but is very weak, (BB) � 10-6 (TT) 
(see e.g. 1 1 , 12) . 

Detections of CMB polarization have been reported by the experiments DASI, CAPMAP, 
CBI, and WMAP, all using coherent techniques, and by BOOMERANG -B03 , on which we focus in 
this paper. DASI has detected (TE) at 2.9 er and (EE) at 6.3 er (13 ) ;  CAPMAP (14 )  has detected 
(EE) at � 2er; CBI (15) has detected (EE) at ;;:, 7er; WMAP has detected (TE) at many u (16) 
and, very recently, (EE) at large angular scales (17) .  The polarization power spectra measured by 
these experiments are all consistent with the forecast from the "concordance" model best fitting 
the WMAP (TT) power spectrum. Their precision, however, is not yet good enough to improve 
significantly the constraints on the cosmological parameters, and we are still very far from the 
sensitivity required to constrain the mode of the perturbations , or to detect gravitational waves 
from inflation. 

2 BOOMERanG -B03 

At variance with all the other polarization experiments quoted above, BOOM ERANG -B03 uses a 
completely different approach. It is a balloon-borne telescope, on a long-duration stratospheric 
platform, working at high frequencies with bolometric detectors. The instrument (18 ) derives 
directly from the BOOMERANG -98 experiment (19•20•21•22·24·25•23•26•27·28) but -has been equipped 
with polarization sensitive bolometers (PSBs, see 29) .  In these devices two separate bolometers 
observe the sky through the same feed structure but are sensitive to orthogonal polarization 
directions. Each bolometer signal is processed and amplified separately. The two signals are 
then differenced to obtain the Stokes parameter Q of linear polarization . The U parameter is 
measured by means of an identical PSB rotated by u = 7r / 4 in the focal plane with respect to the 
first one. We have introduced some redundancy by using four independent PSB pairs, covering 
with their principal axes the range a = [O, 7r] in 7r /8 steps. The four pixels are aligned on a 
constant azimuth line, and their projections on the sky are separated by 0 .5° .  An additional 
row of four pixels is made with four two-color photometers operating at 245 and 345 GHz. The 

main purpose of these high frequency channels is to monitor the dust foreground and residual 
atmospheric noise. Table 1 summarizes the properties of the B03 receiver. 

BOOl\IERANG -B03 uses repeated scans over the same sky pixel: at different times during the 
survey, the focal plane rotates by an angle / with respect to the sky. Information on I, Q and 
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Table 1: Summary of the properties of the 803 receiver. The NET is the average noise of all the detectors 
in the band, at a frequency of 1 Hz. 

I Frequency I Bandwidth I #detectors I Beam FWHM I NETcMB I 
145 GHz 45 GHz 8 9 .95' 170 �lJ( Vs 
245 GHz 80 GHz 4 6.22' 320 µ}(Vs 
345 GHz 100 GHz 4 6.90' 450 µ}(Vs 

Table 2: Surveys performed during the 800!\IERANG -803 flight. 

Survey I center (RA,dec) I size (sq.deg.) I time per 71 pixel, per detector (s) 
Deep 5h281 , -45° 1 1 5  60 

Shallow 51i28', -45° 1 130 3.3 
Galactic 91t121 ,  -46° 390 4.7 

U in each sky pixel thus comes from all the bolometers present in the focal plane, combined 
according to the relation 

( 1 )  

Here vtk is the signal measured by bolometer k at time t; ; Sk is the responsivity of bolometer 
k; Ip, Qp, Up are the Stokes parameters of pixel p in the chosen celestial coordinates, and n;,k 
is the noise contribution to the i-th measurement on that pixel. This system of equations can 
be inverted and the Stokes parameters estimated if a sufficient number of measurements over a 
range of angles ak + /i is taken. 

This approach to measure polarization has the advantage of not requiring long integration 
time for each pixel (at variance with experiments using a polarization modulator, like a rotating 
polarizer or waveplate) , but is prone to leakage of I into Q,U if the responsivity of the detectors 
is not stable, or not well calibrated. All the details of the instrument and of its calibration are 
described in (18 ) , where we show that we have controlled the calibration and the data processing 
at a level sufficient to measure CMB polarization with � 103 precision. 

3 Data 

The instrument was launched by NASA-NSBF on Jan. 6, 2003, from Williams Field, near the 
McMurdo Station, in Antarctica ( 167° 5 .760' E ;  77° 51 .760' S ) .  The flight lasted until Jan. 21 ,  
with a total of 3 1 1  hours. After day 1 1 ,  the altitude dropped below 28 km, telescope pointing 
became difficult, and we had to stop observations. \Ve devoted a total of 1 19 hours to scans on 
the deep survey region, a total of 79 hours to scans on the shallow survey region, and a total of 
30 hours to scans over the Galactic plane. The characteristics of the surveys are summarized in 
table 2. 

The polarization signal is very small. In the observations of the deep region at 145 GHz 
the contribution from Cl\IB polarization is of t.he order of a thousandth of the noise for a single 
signal sample, and of the order of a tenth of the error for the final measurement of a single 3.51 
pixel. In order to properly exclude instrumental artifacts and avoid the introduction of bias, 
we developed two completely independent analysis pipelines, one in Italy (IT) and one in North 
America (NA) .  Despite of the many different choices taken during the data analysis, the final 
maps and spectra are fully consistent. This is the best test of the robustness of the dataset 
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Figure 1:  145 GHz map obtained from the shallow and deep surveys combining the data from all 8 detectors. the 
pixelization is 7' 

against alternative data selection and analysis procedures. We refer to 18 for the description of 
the pipelines converting the raw data into calibrated maps. 

4 Maps of the Stokes Parameters 

In fig. 1 we report the 145 GHz I map obtained from the shallow and deep surveys18 . The lower 
noise deep survey is evident in the center of the figure. Here the typical noise per 7' pixel is � 

6 µK: to date, this is the deepest map of the CMB. The morphology of the map is in excellent 
agreement with the map of the same region obtained from BOO?\IERANG -98 at 150 GHz and 
from \Vl\ I A P  at 94 GHz: we thus have detection of the same cosmological structures from three 
completely independent experiment8. The Cl\IB st ructures mapped at 145 GHz are evident also 
in the 245 and 345 GHz maps18 .  even if with lower S/N, due to the higher background on the 
bolometers, to the lower number of detectors in these bands, and to the presence of increasing 
contamination from interstellar dust emission. The expected /::;.Trms in the deep region for the 
range of multipoles between 50 ::; £ ::;  900 is (93 ± 4)µK, where the uncertainty is dominated by 
cosmic variance. We measure (90.2±2.3)µK at 145 GHz, (90±20)µK at 245 GHz, ( 130±30)µK 
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at 345 GHz. These results are consistent with the extrapolation30 of the anisotropy of cirrus 
dust emission, mapped by IRAS at 3000 GHz and by DIRBE at 1250 GHz 18 .  Using the same 
model to extrapolate the dust contribution at 145 GHz, we find that its anisotropy has to be 
< 4µK. Since cirrus dust emission is polarized � 103 (31 ) , we do not expect a polarized signal 
larger than 0.4 �LK in this region. For comparison, the rms EE polarization signal is � 4µ]( in 
our beam and with this pixelization. We can conclude that dust polarization is not expected to 
be a significant contaminant at 145 GHz in the deep survey region. 

5 Power spectra 

The intensity of the CME signal can be expanded in spherical harmonics as li.T( ii) = Lem afm Ytm (ii: 
Similarly the linear polarization Q+iU can be decomposed using the spin-2 weighted basis ±2Yem 

(Q ± iU)(ii) = L ( afm 'f iafm) ±2Yem (ii) (2) 
fm 

thus defining the scalar fields T(ii) = LL,m a'frr.Yim(ii), E(ii) = Lem atnYem(ii) and the pseudo­
scalar B(ii) = Lem afmYem(ii) . In the hypothesis that those quantities are Gaussian distributed 
and that the early Universe is isotropic, the cosmological information is encoded in the standard 
deviations and correlations of the coefficients: 

(3)  

where the pairs (XY) can be (TT) , (EE) , (BB), (TE) , (TB) and (EB) .  Those are the angular 
power spectra and, under the hypothesis of isotropy, can be estimated by averaging over m at 
each multipole number e. 

Both IT and NA power spectra estimation pipelines are based on the MASTER method 
32 that computes the pseudo-aem on a fraction of the sphere defined by the mask W(ii) which 
takes into account weighting and sky coverage. This yields the definition of mode-mode coupling 
kernels, that depend only on the weighting scheme. Using an appropriate €-binning it is possible 
to solve for the underlying angular power spectra, taking into account the binning, the angular 
resolution of the instrument, the pixelization of the map, and any filter applied to the time 
stream. 

MASTER is based on Monte Carlo simulations of signal-only time-streams (from simula­
tions of the CME sky), and on simulations of noise-only time-streams (from simulations of the 
instrument) .  Both data-streams are processed in the same way as the real data. The signal-only 
time-streams are used to define the transfer function, describing the effect of data filtering and 
partial sky coverage on the power spectra. The noise-only time-streams are used to estimate the 
noise in the power spectra. The signal simulations were obtained from random realization of 
the CME sky, in temperature and polarization, for a given underlying cosmological model, and 
were projected in a time stream following the actual B00)\[ERANG scanning strategy. The noise 
simulations were obtained in the time domain, by means of random realizations of the noise 
power spectrum. This was iteratively estimated, taking into account noise correlations between 
channels as described in 18 . 

The measured power spect ra are reported in 33·35·36 and summarized in Figure 2. The 
B O O \ I E R A N G  -03 data improved the published measnrements of the temperature angular power 
spectrum primarily over the third peak. The < EE > polarization angular power spectrum and 
the polarization-temperature angular correlation provide detection of the CME polarization at 
the level of 3 .5  a each. 

As a check on the internal consistency of the data, we performed two complete jack-knife 
tests in which the time ordered data (TOD) are divided in two halves. I, Q, and U maps 
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Figure 2: Angular power spectra measured by B03 . The top data (filled circles) are the B03 measurements 
of cfT. The continuous line is the adiabatic inflationary model best fitting the WMAP 3-years data (34 ) . The 
middle data (empty diamonds) are the B03 measurements of !cf E l · The line is from the same best fit model used 
for cfT: it is dashed for negative values of cfE . The bottom data (empty squares) are the B03 measurements of 

!cf E I ·  The dot-dash line is from the same best fit model used for cfT 
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were generated from each half independently. The power spectra were then computed from the 
difference of the resultant maps and found to be consistent with zero. The temporal jackknife 
divides the data into a first half and a second half, in which the shallow and deep scans are 
each divided in order to ensure roughly equal coverage of the sky in each subset . As discussed 
in 18 ,  the payload experienced a dramatic ('.:::'. 9km) loss of altitude over the course of the flight. 
The first-half/second-half test was chosen to provide a check which is maximally sensitive to 
systematic effects related to the altitude drop. such as responsivity drifts, a degradation in the 
accuracy of the pointing reconstruction, or atmospheric contamination. The channel jackknife 
measures the difference between maps generated from the two halves of the focal plane. Each 
side of the focal plane accommodates two pairs of PSBs, allowing complete characterization 
of the three linear Stokes parameters. The sky coverage, filtering, and data flagging of this 
jackknife test are nearly identical to that of the full data set. 

Additionally, we have modeled the potential systematic effects deriving from mis-estimation 
of various instrumental parameters. We used Monte Carlo simulations of signal-only time or­
dered data, processed varying those parameters randomly over their range of uncertainty with 
a Gaussian distribution. The parameters that have been changed are the relative calibration 
between channels (±0.43) ,  the polarization efficiency (±0.03 ) ,  the bolometer time constants 
(±103), the beam (±0.3' ) ,  and the angles of the polarizers axes respect to the telescope frame 
(±2° ) .  The ranges of the various parameters correspond to their uncertainties obtained from 
the calibration measurement, as described in 18 . We obtain that the potential errors from mis­
estimation of the instrumental parameters are all at least one order of magnitude lower than the 
statistical errors of the dataset. 

6 Cosmological Parameters 

The impact of the BOOM ERANG -803 data set on cosmology has been analyzed in detail in 37. 
We find that the 803 data alone constrain the parameters of the ACDM model remarkably well 
and are consistent with constraints from a multi-experiment combined CMB data set. While 
the polarization data are not yet at the level of accuracy of the intensity data, cross checks 
of best fit parameters from the 803 polarization data and 803 TT data indicate consistent 
results. The peak and trough positions forecast by the TT and polarization spectra are in robust 
agreement. Isocurvature modes are starting to be constrained by the current CMB polarization 
data. Combining 803 data, other CMB data, and Large Scale Structure data, we set an upper 
limit for the sum of neutrino masses of :S 0.4eV. With 803 we have demonstrated that high 
sensitivity bolometric polarization experiments are possible and effective and have started a 
path towards higher precision polarization data, which will play a larger role in constraining 
cosmology. 
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A BAYESIAN ANALYSIS OF THE PRIMORDIAL POWER SPECTRUM 

M. BRIDGES, A. N.  LASENBY, M. P. HOBSON 
Astrophysics Group, Cavendish Laboratory, Madingley Road, 

Cambridge CB3 OHE, UK 

We present a Bayesian analysis of large scale structure (LSS) and cosmic microwave back­
ground (CMB) data to constrain the form of the primordial power spectrum following closely 
previous analyses 1 . We have extended the usual presumption of a scale invariant spectrum to 
include a running spectral index, a broken spectrum, a large scale cutoff in power, a binned 
reconstruction and a spectrum proposed by Lasenby & Doran. The result of our complete 
Bayesian analysis includes both the posterior probability distribution and also the weighting 
Bayesian evidence. We find compelling evidence in favour of the LaSeJ?-by & Doran spectrum. 

1 Model Testing and Selection Framework 

A Bayesian analysis provides a coherent approach to estimating model parameters e and to 
determining which model M best describes the data, D .  These inferences can be summarised 
in Bayes' Theorem: 

P(e!D M) = P(Dl8, M)P(8!M) 
' P(DjM) ' ( 1 )  

where P(8ID, M) is the posterior, P(Dj8,  M)  the likelihood, P(8 IM) the prior and P(DjM) 
the Bayesian evidence. We employ a Markov Chain Monte Carlo (MCMC) sampling procedure 
to explore the posterior distribution using an adapted version of the COSMOMC package with 
four CMB data sets; WMAP 2•3•4 , A CB AR 5 , VSA 6 and CBI 7. We also include the 2dF Galaxy 
Redshift Survey8,the Sloan Digital Sky Survey9 and the Hubble Space Telescope key project 10 .  
At the stationary point of  the Markov chain we sample from the posterior distribution and can 
extract marginalised constraints for each parameter. 

The Bayesian evidence can be defined as the likelihood averaged over the prior: 

j P(D !E>, M)P(E>IM)dN e. (2) 

To evaluate this integral one could, naively randomly sample from the prior via MCMC and 
simply find the average. However, this method samples almost exclusively from areas of high 
likelihood thereby grossly over estimating the average likelihood and thus the evidence. Instead, 
we employ a reverse annealing schedule after an initial burn-in period, whereby we sample from 
P(D!IJ, Mf' P(IJIM) where A is the inverse temperature and is lowered from 1 to ·� 0. This 
ensures sufficient mobility over the entire parameter space to produce log-evidence estimates to 
within one unit from independent chains. One can then define the evidence as: 

E(>- = 1 )  = j P(D !E>, M)>.P(8 !M)dNe. (3) 
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2 Primordial Power Spectrum Parameterisation 

vVe examine seven variants of the primordial spectrum that have aroused interest recently. 
The simplest, scale invariant Harrison-Zel'dovich spectrum is parameterised with just one free 
parameter, the amplitude A: 

P(k) = A . (4) 

However, slow-roll inflationary scenarios are expected to imprint a slight slope in this spectrum, 
leading to the now ubiquitous power-law form characterised by an index n such that P(k) = 
Akn-1 •  Since we would expect generally the inflationary potential to be some function of scale 
we can characterise a running spectrum as also having a term dn/ d In k: 

P(k) = Akn-l+(l/2) 1n kdn/d ln k . (5) 

WMAP observations show a reduction in power on large scales, we have attempted to model 
this as a single index spectrum with an abrupt cutoff on a scale kc: 

( ) { 0, k < kc 
p k  = Akn- l , k 2 kc (6) 

A spontaneous symmetry-breaking phase transition in the early Universe could interrupt the 
inflationary potential leading to a break in the power spectrum. We have modelled this with 
two amplitudes A before the break starts at ks and after it ends B, at ke , where C and a are 
chosen for continuity: { A, k ::;  ks 

P(k) = Ck°'-1 ,  ks < k ::;  ke 
B, k > ke 

(7) 

Lasenby & Doran 11  (L & D) arrived at a novel spectrum by considering a boundary condition 
that restricts the total conformal time available in the universe and requires a closed geometry. 
The resultant predicted pertrubation spectrum encouragingly contains an exponential cutoff at 
low k and tends towards a single index model on small scales making it an intriguing possibility. 
The spectrum is described by: 

P(k) = A(l  - 0.023y)2 ( 1  - exp(-(y + 0.93)/0.47))2 (8) 

with y = In ( Ho,lOO x 3 x 103) > -0.93, where we fit the spectrum to the data by varying j ust 
the amplitude A. 

A direct reconstruction of the form of the spectrum allows us to detect any interesting 
features directly from the data. We have concentrated on large scales using a linear interpolated 
reconstruction in eight bins in k (spaced ki+l = l .275k; ) .  

P(k) = k,+ 1 -k, • z 1+1 
{ (k.+1 -k)a,+(k-k,)ai±1 k· < k < k· 

a" , k 2 k,, 
(9) 

In addition to the primordial spectral parameters we vary the cosmology via: the physical 
baryon density nbh2; the physical cold dark matter density nch2; the total energy density no 
(parameterised as nk = 1 - no) ;  the Hubble parameter h (Ho = h x lOOkms-1 ) and the redshift 
of re-ionisation Zre · 
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Figure 1: Marginalised 10 and 20 probability constraints on k, , 1n(ke/ks) and A/ B (left) and examples of both 
the extended and sharply broken spectra preferred by the data (right). 
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Figure 2: Binned reconstruction with lcr errors in 8 bands of wavenumber k with the best fitting H-Z spectrum 
(dotted) for comparison (left) and best fitting spectra for a single index spectrum (full) with a cutoff (dotted) ,  

with a running index (long-dashed) ,  the Lasenby & Doran (short-dashed) and the H-Z spectra (dot-dashed) .  

3 Parameter Constraints 

The marginalised parameter constraints for the broken spectrum are bi-modal (see Fig. 1 left) 
with both sudden and extended breaks being allowed (illustrated by the peaks in likelihood at 
ln(ke/ks) � 0 and 1 respectively) .  The spectra themselves are shown in Fig. 1 (right) .  We expect 
the extended break to be mimicing a power-law spectrum with a small index n. However, the 
sudden break could be evidence for a either a symmetry-breaking phase transition or possibly 
an artifiact of the combination of LSS datasets, the break scale being similar to that at which 
these datasets become important. 

The reconstructed spectrum (Fig. 2 left) shows no deviation from a Harrison-Zel'dovich 
spectrum within la, though we did detect a slight decrement in power on scales below about 
0.001 Mpc1 • Best fitting spectra for the remaining models are shown in Fig. 2 (right) where we 
see the preferred cutoff scale kc to lie close to that produced naturally in the L & D spectrum. 

4 Bayesian Model Selection -Results 

Bayesian evidence values are just numbers, by convention we quote the Bayes' factor B repres­
enting the ratio of evidences (or difference in log-evidences) for each of the competing models 
with respect to a single reference model -in this case the single index model. To determine the 
significance of these factors we use the Jeffreys scale 12 where a log-evidence difference: ti.lnE < 1 
is not significant, 1 < ti.lnE < 2.5 significant, 2.5 < ti.lnE < 5 strong and ti.lnE > 5 decisive. 
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Table 1: Differences of log evidences in the complete parameter space exploration. 
Model B 

Single Index 0 .0 ± 0.7 
H-Z 0.4 ± 0.8 

Running 0.5 ± 0 .7 
Cutoff 0.8 ± 0.8 
Broken -0.3 ± 0.8 
Binned -1.8 ± 0.7 

Table 2: Differences of log evidences (primordial parameters only) for all models within two fixed cosmologies. 
Model B B 

Cosmo I Cosmo II 
Single Index 0.0 ± 0.6 0.0 ± 0.5 

H-Z -0.4 ± 0.5 -4.4 ± 0.5 
Running -2.l ± 0.5 -0.8 ± 0.6 
Cutoff 0.2 ± 0.6 0.4 ± 0.5 
Broken -0.5 ± 0.7 -2.7 ± 0.6 
Binned -5.2 ± 0.7 -6.1 ± 0.6 

Lasenby & Doran 0.9 ± 0.6 4.1 ± 0.5 

Three sets of evidence evaluations were performed, one complete parameter space explora­
tion and two using fixed cosmologies oweing to computational limitiations computing the L & 
D spectrum efficiently in a varying cosmology. The results of the former show that there is a 
marginal preference for the cutoff spectrum -though with the estimated error this is not signi­
ficant (see Table 1) . We repeated the analysis varying just primordial parameters within a fixed 
cosmology no = 1 .04, nbh2 = 0.0224, Ho = 60, ncdmh2 = 0.110 (Cosmo I) , within which the L 
& D spectrum was previously well fitted, and indeed in this cosmology it is preferred though 
not conclusively (see Table 2) . We also performed the analysis within the best fit single index 
cosmology no = 1 .024, nbh2 = 0.0229, Ho = 61 ,  ncdmh2 = 0.118 (Cosmo II) where one might 
reasonably expect the single index spectrum to outperform all others. However here we found a 
decisively strong selection of at least 3 units in log evidence in favour of L & D spectrum. 

5 Conclusions 

We performed a full Bayesian analysis of seven parameterisations of the primordial power spec­
trum including not only the estimation of cosmological and spectral parameters but also a value 
of the Bayesian evidence. A preference was seen for those models incorporating a large scale 
deficit in power. One such model was found to be the Lasenby & Doran spectrum. 
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WSLAP. A code for weak and strong lensing analysis and simulation. 
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We describe WSLAP: a method to estimate the mass distribution of a gravitational lens and 
the position of the sources from combined strong and weak lensing data. The algorithm 
combines weak and strong lensing data in a unified way producing a solution which is valid in 
both the weak and strong lensing regimes. The method is non-parametric allowing the mass 
to be located anywhere in the field of view. We find that combining weak and strong lensing 
information has two major advantages: i1'- weakens the need for priors and/ or regularization 
schemes for the intrinsic size of the background galaxies (this assumption was needed in 
previous strong lensing algorithms) and it corrects for biases in the recovered mass in the 
outer regions where the strong lensing data is less sensitive.The code is implemented into a 
software package called WSLAP (Weak & Strong Lensing Analysis Package) which is publicly 
available at http://darwin.cfa.harvard.edu/SLAP /. 

1 Introduction 

Lensing problems usually distinguish between two regimes, strong and weak. In the strong 
lensing regime, a background source galaxy appears as multiple images, while in the weak lensing 
regime, its image suffers a small distortion which typically elongates it in a direction orthogonal 
to the gradient of the potential. The two problems are normally studied separately and, at best, 
they are combined afterward. Only a few attempts have been made to combine both regimes in 
the same analysis (e.g. Bradac et al. 2005a, 2005b, Broadhurst, Takada, Umetsu et al. 2005b) . 
In the early years of strong lensing data analysis, it was common to have only few constraints 
to work with. The small number of constraints made it impossible to extract useful information 
about the mass distribution of the lens without invoking a simple parametrization of the lens or 
the gravitational potential (Kneib et al. 1993, 1995, 1996, Broadhurst et al 1995, 2005a, Sand et 
al. 2002, Gavazzi et al. 2004) . The common use of parametric models requires making educated 
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guesses about the cluster mass distribution, for instance that the dark matter halos trace the 
luminosity of the cluster or that galaxy profiles possess certain symmetries. 
Nowadays, it is possible to obtain strong lensing images around the center of galaxy clusters with 
hundreds of arcs (Broadhurst et al. 2005a) , where each arc contributes with several effective 
constraints in the process of solving for the projected mass distribution of the lens. In addition, 
weak lensing measurements provide shear constraints over a larger field of view. When added 
together, the number of constraints can be sufficiently high that non-parametric methods can 
be used in the reconstruction of the mass. Non-parametric approaches have been previously 
explored in several papers (Saha et al. 1997, Abdelsalam et al. 1988b, 1998c, Trotter et al. 
2000, Williams & Saha 2001, Warren & Dye 2003, Saha & Williams 2004, Bradac et al. 2005a, 
2005b, Theu & Koopmas 2004) and more recently in Diego et al. (2005a, 2005b,2006) (hereafter 
papers I, II and III) . The reader can find a more detailed description of this presentation in 
paper III. 

2 A linear formulation of a non-linear problem 

The fundamental problem in lens modeling is the following: Given the Ne positions of lensed 
images, (}, what are the corresponding positions f3 of the background galaxies and the mass 
distribution m(8) of the lens? Mathematically this entails inverting the lens equation 

f3 = (} - a(8, m(8 - 81)) ( 1 )  

The lens equation (1 )  is  implicitly non-linear in the variable (8  - (}') .  However, by using non­
parametric methods it is possible to express the above equation in a linear form. If we use 
a grid representation of the lens, the (}' positions of the masses are fixed by the grid and the 
non-linearity in the computation of a disappears. Since the strong lensing (SL hereafter) and 
weak lensing (WL hereafter) effects can be computed as a function of the deflection angle a, we 
can represent both the WL shear and the SL distortions as a linear function of the mass and 
the f3 positions of the sources (Diego et al. 2005a, 2005b, 2006). 

q, = I'x. (2) 

where the vector q, contains all the observed data (WL and SL) , the vector x contains the 
unknown variables of our problem (masses in the grid and positions of the sources) and the 
matrix I' is a known matrices relating the the masses in the grid with the measured deflection 
angle (SL) and shear distortions (WL). The solution of our problem can be found by just inverting 
the system of linear equations (2) .  The same system of equations can be used to simulate in a 
very fast way the data set ( q,) if we know the mass and source distribution ( x) and we use a 
multi-resolution grid with high enough resolution (large I'). 

3 Performance of the method 

The inversion of the system of linear equations (2) can be done in many different ways. We 
have focused on two different approaches, the fast bi-conjugate gradient and a slower, but more 
meaningful, quadratic programming algorithm (QADP) (Press et al. 1997). Using the bi­
conjugate gradient it is possible to find a combined solution of the WL+SL data set in a few 
seconds. However, this approach can produce unphysical solutions with negative masses in some 
of the areas of the grid. A way to overcome this problem is by using a positively constrained 
quadratic programming algorithm. The solution will be constrained to have positive masses 
over the entire field of view but at the expense of reducing the speed. Typically a solution can 
be found with this second approach in about an hour. WSLAP allows to weight the WL and 
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Figure 1: Recovered masses in the case of SL only (top right), WL only (bottom left) combined WL+SL (bottom 
right). The original mass distribution is shown in the top left panel. The field of view is 8.4 arcmin for ea.ch 

panel. The total mass is shown in the bottom of each panel. 

SL data sets differently. We found that the optimar weights are the statistical noise of the shear 
measurements and an estimate of the size of the sources which originate the SL data set. This 
size is typically a few arcseconds {or a few pixels) for sources above redshift 0.3. By playing with 
the weights it is also possible to recover the solution assuming only WL {or SL) data is available. 
An example of this is shown in figure 1 where we show the original mass distribution (top left) 
and 3 different mass reconstructions. In the top right panel we show the case where only SL data 
is used. In this case, the data is sensitive only to the central region of the mass distribution. In 
the second case (bottom left) we use only WL data. Now the data is more sensitive to the outer 
regions but less sensitive to the central region. When both data sets are combined (bottom 
right) ,  we achieve the best reconstruction. Typical errors in the reconstructed I-dimensional 
profile are about 10-15 %. The combination of WL and SL data sets produces a better solution 
than using the two data sets separately. In papers I and II we discussed some of the problems 
when only SL data is used. In particular, we discussed the existence of the so called point source 
solution. This solution was capable of projecting the SL data set (arclets) back into the source 
plane and into sources smaller than the original size of the galaxies. The solution was unphysical 
and often with negative masses. In paper III we discussed how adding WL data prevents the 
algorithm of finding such solutions. Other problem found in papers I and II was that the solution 
was insensitive to the outer regions of the cluster. Again, adding WL introduces information 
beyond the Einstein radius and allows to reconstruct the mass distribution much further. 
However, although the combination of WL+SL data improves the result we also observed some 
biases remaining in the result. As in papers I and II the algorithm still recovers a biased 
distribution in the very central region underpredicting {by about 50 %) the mass density inside 
the radial critical curve and overestimating the density between the radial and tangential critical 
curves {by about 20 %). The density between the Einstein ring and � 500 kpc did not show 
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a significant bias in the simulated reconstruction but it was biased afterward. This bias is due 
to a memory effect. The final solution in the area beyond 500 kpc retains information about 
the initial condition. This area is normally less sensitive to the mass distribution than the more 
interior zones. WSLAP has been tested over a variety of simulations (and data) with satisfactory 
results. More work is needed to address some of the issues but we conclude that non-parametric 
methods are a good complement to the intrinsically more powerful parametric ones. 
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THE DIPOLE ANISOTROPY OF THE 2MASS REDSHIFT SURVEY 

PiRiN ERDOGDU AND THE 2MRS TEA:M' 
School of Physics f3 Astronomy, University of Nottingham, University Park, Nottingham, NG7 2RD, 

UK 

We estimate the flux weighted acceleration on the Local Group (LG) from the near-infrared 
Two Micron All Sky Redshift Survey (2MRS}. The near-infrared flux weighted dipoles are 
very robust because they closely approximate a mass weighted dipole, bypassing the effects 
of redshift distortions and require no preferred reference frame. We use this method with the 
redshift information to determine the change in dipole with distance. The LG dipole seemingly 
converges by 60 h-1Mpc. Assuming convergence, the comparison of the 2MRS flux dipole 
and the CMB dipole provides a value for the combination of the mass density and luminosity 
bias parameters f!!:;6 /bL = 0.40 ± 0.09 

1 Introduction 

The most popular mechanism for the formation of large-scale structure and motions in the 
Universe is the gravitational growth of primordial density perturbations. According to this 
paradigm, the peculiar acceleration vector g(r) is induced by the matter distribution around 
position r and if the density perturbations are small enough to be approximated by a linear 
theory, then the peculiar velocity field, v(r) , is proportional to the peculiar. acceleration: 

v (r) = 
Hof (O::') g(r) = 2j (Om) g(r) , 47rGp 3Ho0m 

(1)  

where Ho = 100 h kms-1Mpc-1 is  the Hubble constant and f(Orn) :::::: o::;6 is the logarithmic 
derivative of the amplitude of the growing mode of the perturbations in mass with respect to 
the scale factor (Peebles 1980). 

It is now widely accepted that the dipole anisotropy of the cosmic microwave background 
(CMB) is a direct and accurate measurement of the LG peculiar velocity. The LG acceleration 
can also be estimated using surveys of the galaxies tracing the density inhomogeneities respon­
sible for the acceleration. If the mass can be related to light by a bias parameter, bL, then 
by comparing the CMB velocity vector with the acceleration vector obtained from the galaxy 
surveys, it is possible to investigate the cause of the LG motion and its cosmological implications. 

0 J.P. Huchra (CfA}, 0. Lahav (UCL), M. Colless (AAO), R.M. Cutri (IPAC}, E. Falco (Harvard-Smithsonian}, 
T. George (CFTC}, T. Jarrett (IPAC}, D.  H. Jones (AAO), C.S. Kochanek (Ohio State), L. Macri (NOAO), J. 
Mader (Keck), N. Martimbeau (CfA), M. Pahre (CfA), Q. Parker (Maquarie) , A. Rassat (UCL}, W. Saunders 
(AAO, Maquarie) 
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Like peculiar acceleration, the flux of light received from a galaxy falls off inversely as the 
square of the distance. If the mass-to-light ratio is constant, we can relate the two by 

g(r) = 
r · (M) r ·  

G L Mi� � G - L Li� 
i ri L i r; 

47rG 
( �) L S;f; , 

' 
(2) 

where the sum is over all galaxies in the Universe, (M / L) is the average mass-to-light ratio and 
S; = L;/47rr2 is the flux of galaxy i. The peculiar velocity vector is derived by substituting 
Equation 2 into the second line of Equation 1. For a flux limited catalogue the observed LG 
velocity is 

(3) 

where bL is the luminosity bias factor introduced to account for the dark matter haloes not fully 
represented by 2MRS galaxies and 0 ::; WL; ::; 1 is the weight assigned to galaxy i to account 
for the luminosity that was not observed due to the flux limit of the survey. With the inclusion 
of redshift information, we can calculate Equation 3 within concentric spheres with increasing 
radii and thus estimate the distance at which most of the LG velocity is generated generated 
( the convergence depth) . 

2 The Two Micron All-Sky Redshift Survey 

The Two Micron All-Sky Redshift Survey (Huchra et al. 2005, Erdogdu et al. 2006) is the 
densest all-sky redshift survey to date. The first phase of 2MRS is now complete. In this phase 
we obtained redshifts for approximately 23,150 2MASS galaxies from a total sample of 24,773 
galaxies with extinction corrected magnitudes (Schlegel, Finkbeiner & Davis 1998) brighter than 
Ks = 1 1 .25. This magnitude limit corresponds to a median redshift of z � 0.02 (� 6000 km s- 1  ) .  
Figure 1 shows all the objects in 2MRS in Galactic Aitoff Projection. Galaxies with z ::; 0.01 
are plotted in red, 0.01 < z ::; 0.025 are plotted in blue, 0.025 < z < 0.05 are plotted in green 
and z � 0.05 are plotted in magenta. Galaxies without measured redshifts (around 1600) are 
plotted in black. 

The 2MRS sample has very good photometric uniformity and an unprecedented integral sky 
coverage. The photometric uniformity is better than 4% over the sky including the celestial 
poles and the survey is essentially complete down to very low galactic latitudes (Huchra et al. 
2005) .  In order to account for incompleteness at these galactic latitudes we fill the plane with 
galaxies sampled from adjacent longitude/distance bins. 

3 Results 

Figure 2 shows the three components and the magnitudes of the acceleration of the Local Group 
due to galaxies within a series of successively larger concentric spheres centred on the local 
group (top plot). The bottom plot shows convergence of the direction of the LG dipole where 
the misalignment angle is between the LG and the CMB dipoles (vLc = 627 ± 22 km s-1 , 
towards lLc = 273° ± 3°, bLc = 29° ± 3°, Bennett et al. 2003, Courteau & Van Den Bergh, 
1999). 

It is evident in the top plot that the LG velocity is dominated by structures within a distance 
of 6000 kms-1 •  The 'tug of war' between the Great Attractor and the Perseus-Pisces is clearly 
evident. The dip in the velocity vector is an indication that the local flow towards the Great 
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Figure 1: All Objects in the 2MASS Redshift Catalogue in Galactic Aitoff Projection. Galaxies with z $ 0.01 
are plotted in red, 0.01 < z $ 0.025 are plotted in blue, 0.025 < z < 0.05 are plotted in green and z 2: 0.05 are 
plotted in magenta. Galaxies without measured redshifts are plotted in black. The masked region is outlined by 

dashed lines. 
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Figure 2: Top: Three components and the magnitudes of the acceleration of the Local Group due to galaxies 
within a series of successively larger concentric spheres centred on the local group. Bottom: Convergence of the 
direction of the LG dipole where the misalignment angle is between the LG and the CMB dipoles. The dotted 

lines denote lO" errors from shot noise. 

76 



Attractof is counteracted by the Perseus-Pisces complex in the opposite direction. The dipole 
seems to converge by 6000 km s-1 . 

The misalignment angle between the LG and the CMB dipole is smallest at 5000 km s-1where 
it drops to 12°±7° and increases slightly at larger distances presumably due to shot-noise. The 
direction of the flux dipole (1=251°±12° ,b=37°± 10 °) is in good agreement with the 2MASS 
dipole derived by Maller et al. (2003) . The difference in results is probably due to the fact that 
they use a higher latitude cutoff in the mask ( lbl < 7°) and exclude all galaxies below this lati­
tude. We confirm this by changing our treatment of the Zone of Avoidance to match theirs. We 
find that the flux dipole is very close to their dipole direction. Their limiting Kron magnitude 
is K. = 13.57 which corresponds to an effective depth of 200 h-1 Mpc. As their sample is deep 
enough to pick out galaxies in the Shapley Supercluster, the comparison of their dipole value 
with our values suggests that the contribution to the LG dipole from structure further away 
than the maximum distance of our analysis is not significant. 

Assuming convergence, we equate the velocity inferred from the CMB measurements with 
the value derived from a galaxy survey and obtain a value for the combination of the mass 
density and luminosity bias parameters: !.1�6 /bL = 0.40 ± 0.09. If we adopt !.1m = 0.23 from the 
WMAP3 results (Spergel et al. 2006) we get bL � 1. This suggest that the 2MRS galaxies are 
unbiased. 

A detailed description of the analysis and results outlined in this paper can be found in 
Erdogdu et al. (2006) .  
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THE SUPERNOVA LEGACY SURVEY : COSMOLOGICAL RESULTS FROM 
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Marseille cedex 09, France 

The first cosmological results from the SuperNova Legacy Survey are presented. The recipe 
to obtain the deep, homogenous and complete set of 71 identified type Ia supernovae is de­
scribed. The construction of the Hubble diagram is supported by precise distance measure­
ment. The steps to obtain this distance are good differential photometry, precise calibration 
and light-curve modelling. All steps are detailled to present the Hubble diagram. Finally the 
cosmological parameters are fitted from this diagram. A full error estimation (statistical and 
systematical) is presented. 

1 Introduction 

We present the first determination of cosmological parameters performed by the SuperNova 
Legacy Survey (SNLS) collaboration after analysing the observations of the first year. A large 
part of the information given in this proceeding has been exposed with more details in the Astier 
et al 1 collaboration paper. The general method used in the past 2 3 4 to derive cosmological 
parameters from type Ia supernovae {SNia) using Hubble diagram is supposed known. 

2 A deep homogenous and complete set if identified type Ia supernovae-

2.1 The observatory facilities 

The Supernovae Legacy Survey is based on an imaging survey for the photometric detection 
and light-curve follow-up in conjunction with a spectroscopic program for the supernova type 
identification and redshift determination. 

The imaging take advantage of the Megacam camera mounted on the 3.6 meter CFHT 
telescope located in Hawaii which offer a wide field of view of 1°2 . The spectrocopy is done on 
two main telescopes : The 10-meter VLT and the 8-meter Gemini, plus additional time from 
the 10-meter KECK. 

For the first three year of the SNLS program, about 250 hours per year have been dedicated 
to the imaging to follow four different fields (as part of the deep survey of the CFHTLS program) 
and 250 hours per year for the spectroscopy. 

2.2 The detection and identification 

The detection and follow up of supernovae is performed in the so-called rolling mode search : 
during each observational period of Megacam at CFHT {around 20 days every month) , the same 
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field is observed every 4 days with 4 different filters . Reference images (without supernovae) 
are built from older nights, then detection and follow-up is automatically performed with those 
repeated observations. 

Due to the rather fast rising of supernova light-cu�ves, a fast detection procedure has to be set 
up in order to find quickly the supernova candidates we want to observe spectroscopically around 
their maximum luminosity. Two different pipeline have been designed to do this job, one which 
is triggered by human scanning, the other which automatically produce a list of candidate by 
analysing the detection shape and using appropriate selection on light-curve parameters. Both 
pipeline agree to more than 90% for magnitude above 24.0 

When the candidate is choosen, it is observed spectroscopically with a delay that can be as 
short as 24 hours. 

2.3 The current supernova sample 

As in March 2006, 440 spectra of candidates have been observed. Among them 231 have been 
identified as type Ia supernovae. 

This is the largest deep and homogenous set of type Ia light-curve sample ever observed. We 
will develop in the following sections the measurement of the cosmological parameters from the 
first year of this sample but it is important to mention here that many other scientific studies 
can be pursued. For example and non exhaustively : Supernova rates 6, supernova rise time, 
cosmic star formation history 5, progenitors, host galaxies etc 

3 Precise measurement of the SNia sample 

Only the first year of data has been released and will be presented here. The sample consist 
of 73 SNia events. The initial set was 91 SNia, but 10 where not analysed at the time of 
the publication due to missing reference images, 6 have only one band and 2 were classified as 
peculiar. 

3. 1 Differential photometry 

The fluxes are measured using differential photometry 8: For a given filter, the fluxes of the 
supernova is extracted from each image with a fit. As a first step, the PSF on each position of 
each image is described with a kernel 7. The parameters of the model are the galaxy on a stamp, 
the position on the sky and the supernova flux on each image. Eq. 1 give the flux (I(x, y ) ) ,  at 
the pixel level, that has to be adjusted on each image. 

I(x, y) = Flux X [Kernel ® PSFbest] (X - X8n, y - Ysn) + [Kernel ® Galaxybestl (x, y) + Sky ( l )  

I t  result from this fitting procedure a flux measurement image per image with the covariance 
matrix associated. The errors are found to be about 12% higher that the photon statistics. 

3.2 Photometric calibration 

First of all, the same differential technique dicussed above is used to measure tertiary standard 
stars in each field. Then those tertiary stars are measured in same photometric night than some 
Landolt secondary stars. Using both information, a zero point that can be directly applied to 
the supernova flux measurement, is derived. The calibration residual found after this procedure 
are of the order of 1 to 3 %. The primary star is Vega. 
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Figure 1: The Hubble diagram of 71 SNLS supernovae plus 44 nearby SNia (Left) , Confidence level contour for 
the fit to flM, flA in Lambda cosmology from the SNia Hubble diagram (light green) and from the SDSS baryonic 

oscillations (dark blue) with the combined contour at the intersection (Right). 

4 Hubble Diagram and cosmology 

4 .1  Light-curve modelling and luminosity distance 

The light-curves of the four bandpasses are fitted together using the SALT 9 procedure. Two 
parameters describe the variability of the SNia light-curve, but the luminosity at maximum : s, 
the stretch parameter and c the color term. Those two parameters are used to correct for the 
'brighter-slower' and 'brighter-bluer' behaviour. Using those two corrections, the SNia can be 
standardized 9 and the distance is then derived from the magnitude at maximum in B rest frame 
, the stretch and the color (see Eq. 2) 

µs = m'B - M + o:(s - 1)  - {3c (2) 

4.2 Cosmological fit results 

The Hubble diagram is presented in in Fig 1 {left). It uses the SNLS SNia plus a sample of 
nearby SNia that are reanalysed using the same procedure as the SNLS ones. The distance is 
the one describe in previous section and the redshift is the one determined from the spectro­
scopic observation of the supernova and/or its host galaxy. The distance is a function of the 
cosmological parameters which can then be fitted from the Hubble diagram data points. The 
comological parameters are fitted together with the a and f3 coefficients on all the light-curves. 
The cosmological parameter confidence level contours are presented in Fig 1 (right) for a Lambda 
cosmology. 
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Table 1: the systematic uncertainties 

Source 8!1M 8!ltot 8w 8!1M 8w 
(fiat) (fixed 8!1M) (with BAO) 

Zero points 0.024 0.51 0.05 0.004 0.040 
Vega spectrum 0.012 0.02 0.03 0.003 0.024 

Filter bandpa.sses 0.007 0.01 0.02 0.002 0.013 
Malmquist bias 0.016 0.22 0.03 0.004 0.025 

Sum (syst) 0.032 0.55 O.D7 0.007 0.054 I U-B color (stat) 0.02 0.12 0.05 I 0.004 0.024 I 
4-3 Systematic uncertainties 

For a more exhautive presentation of systematic uncertainties, check out Astier et al 1 . We 
present here the more representative ones. 

From the result of the calibration procedure describe in previous section, a 1 % to 3% un­
certainty has been found and is accounted to a possible systematic effect in the zero point 
determination. 

A comparison of the characteristics of the low and high z sample didn't show any hint of 
evolution hence no sytematical effects from evolution have been applied. 

The Malquist bias resulting from the selection of the brightest objects at the high z limit of 
the survey, has been estimated, from Monte Carlo simultions, to change by 0.05 magnitude the 
highest point of the Hubble diagram 

A summary of all the systematic uncertainties, expressed in term of errors on the cosmological 
parameters is presented on Table 1 

Finally, the results on the comological parameters are: 
!lM = 0.263 ± 0.042(stat) ± 0.032(syst) for a fiat cosmology 
and 
fiM = 0.271 ± 0.02l (stat) ± 0.007(syst) 
w = - 1.02 ± 0.09(stat) ± 0.054(syst) for a flat cosmology with constant equation of state 

and combined with the BAO SDSS results 10 •  

Statistical error is still dominant but we are reaching soon the systematic limit, that has to 
be reduced to take full advantage of the coming 700 SNia expected at the end of the survey. 
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THE ARCMINUTE MICROKELVIN !MAGER 

K.J.B. GRAINGE 
Cavendish Laboratory, JJ Thomson Avenue, 

Cambridge CB:J OHE, England 

The Arcminute Microkelvin Imager is a dual array interferometer designed specifically to 
survey for galaxy clusters through detecting their Sunyaev-Zel'dovich signatures on the mi­
crowave background. Construction of the Small Array is now complete and commissioning 
observations have mapped several clusters. The Large Array is required to remove the effects 
of confusing radio sources and will allow deep, blind surveys for clusters. 

1 Motivation for a Galaxy Cluster Survey 

Clusters of galaxies are the most massive collapsed objects in the Universe. They are sensitive 
probes of structure formation, both in the linear regime of growth and when merging, shocking 
and gradual virialisation occur. Determining the evolution of clusters, their mass function and 
structures is therefore of basic importance. A population of clusters at z > 1 is now known to 
exist 18 . However, more data and in particular an unbiased cluster survey are needed to under­
stand cluster formation and early evolution at these redshifts. Optical and X-ray observations 
suffer from confusion and from a bias towards concentration of mass; another approach is to 
survey for clusters through detcting their Sunyaev-Zel'dovich (S-Z) effect. 

2 The Sunyaev-Zel'dovich Effect 

The 8-Z effect 19 is a secondary anisotropy on the Cosmic Microwave Background {CMB) radi­
ation due to inverse-Compton scattering of CMB photons from hot plasma in the gravitational 
potential of a cluster of galaxies. The 8-Z effect has been detected by a number of different 
groups using a variety of observing techniques 4•15•17•12•16•8•7•14•21 (See e.g. Birkinshaw, 1999 3 or 
Carlstrom, Holder and Reese, 2002 6 for a full review) .  

CMB photons are up-scattered in energy with the result that, at frequencies below 220 GHz, 
one sees a decrease in the CMB temperature towards the cluster. In the Rayleigh-Jeans regime 
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this dip is given by 
b.T = -2yTcmb, 

where y is the Comptonisation parameter 

Importantly the intensity of the S-Z effect is independent of redshift. The reason for this is 
that in such a Compton scattering process, the power lost by the electrons and given to the 
CMB photons is proportional to the energy density of the incident CMB radiation which is 
proportional to ( 1  + z)4; this exactly cancels out the cosmological drop in surface brightness 
proportional to {1 + z)-4 . 

8-Z surveys for clusters have long been advocated 1 1 •5•2 and it is now widely recognised that 
such surveys are key measurements for cosmology. Such a method has several key advantages. 
Firstly, because the surface brightness of the S-Z effect does not decrease with redshift ,  one can 
detect clusters of galaxies all the way back to their epoch of formation. Further, the measured 
total flux density of the S-Z effect from a cluster is very closely related to its mass, which is 
precisely the quantity we wish to observe. This can be seen from the following. The brightness 
temperature of the S-Z effect is proportional to the integral of the gas pressure along the line 
of sight, 

b.Tsz ex j nTdl, 

while the total flux density is proportional to the integral of the surface brightness over solid 
angle 

b.Ssz ex j b.Tsz dn. 

The flux density is therefore proportional to the total thermal energy in the cluster 

b.Ssz ex DA.2 
j nTdV, 

where DA is the angular size distance. Because of the flatness of the angular size vs redshift 
relation, DA is only weakly dependent on redshift. The total S-Z flux density from a cluster is 
thus a measure of its mass, since in gravitational collapse models the thermal energy is simply 
the gravitational potential energy of the cluster (assuming full virialisation) . An S-Z survey 
that is complete down to a particular S-Z flux density limit would therefore be complete down 
to a cluster mass limit with no limiting redshift and largely independent of the detailed cluster 
astrophysics. A principal aim of the AMI project is to carry out this survey work 10 . 

3 AMI Hardware 

AMI 9 comprises two synthesis arrays (shown in Figure 1 ) ,  sited at Lord's Bridge, Cambridge. 
The Small Array consists of ten 3.7-m antennas situated inside a 30 x 40-m, 4.5-m high metal 
enclosure. The Large Array is an upgrade to the Ryle Telescope with all eight 13-m antennas 
now placed in a new 2-dimensional compact configuration. The dual array design gives AMI 
good temperature sensitivity over a very large range of angular scales, as well as the high flux 
sensitivity needed to identify and remove the effect of radio sources from the data (see Figure 2) . 

The telescope observes in the band 12-18 GHz with cryostatically cooled NRAO indium­
phosphide front-end amplifiers and fully-cooled feeds. The overall system temperature is ap­
proximately 25 K. We detect a single linear polarisation, measuring Stokes' parameter I + Q. 
The radio frequency is mixed with a 24-GHz local oscillator, downconverting to an interme­
diate frequency (IF) band of 6-12 GHz. Amplification, equalisation, path compensation and 
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Figure 1: The AMI Small and Large arrays 
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Figure 2: Simulated plot of interferometer detected Hux against observing baseline for a galaxy cluster at z = 0.5 
and a point source (for convenience the absolute value of the negative S-Z Hux is plotted) . Since the cluster has 
large angular extent, its Hux is quickly resolved out as the baseline length is increased whilst the Hux from the 
point source is constant. The Small Array of 3.7-m dishes is therefore required to give access to the short baselines 
which detect the S-Z effect and the Large Array will measure the Hux of any point sources in the field and allow 

their effects to be subtracted. 
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automatic gain control are then applied to the IF signal. The correlator is an analogue Fourier 
transform spectrometer with 16 correlations formed for each baseline at path delays spaced by 
25 mm. Both '+ ' and '- '  correlations 20 are formed in this fashion by use of 0° and 180° hybrids 
respectively. From these, eight 0.75-GHz channels are synthesised. 

4 Current Status 

Construction of the Small Array is now complete. Results from the first commissioning obser­
vations 1 are discussed later in these proceedings 22 • The three outlying antennas of the RT 
have been successfully moved to form a compact Large Array with the East-West array of five 
previously used for S-Z work. The upgrade of the feed-assembly, IF chain and correlator is on 
schedule for completion by October 2006. 
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We discuss the use of half-wave plate (HWP) polarimetry for bolometric measurements of 
the polarization anisotropy of the cosmic microwave background radiation (CMB) . The in­
formation presented here comes from experience gained during a balloon-borne experiment 

called MAXIPOL, which is the instrument from the CMB temperature anisotropy experiment, 

MAXIMA, retrofitted with a rotating HWP and wire-grid analyzer. We describe the HWP 

polarimetry technique and associated systematic errors. For MAXIPOL, we found the method 

worked well and that after appropriate corrections, any residual HWP systematic errors were 

less than the statistical noise. Therefore, the method appears to be promising for E and B­
mode characterization. The hardware and data analysis techniques developed for MAXIPOL 

may be useful for the development of future B-mode experiments. 

1 Introduction 

Interest in precise millimeter-wave polarimetry is growing because measurement of the antici­
pated B-mode gravitational wave signature of inflation in the CMB is becoming technologically 
possible. Newly developed detector arrays with multiplexed readouts promise to deliver sufficient 
sensitivity for detection of the faint B-mode signals� ·2 heretofore, receiver sensitivity has limited 
measurements to the E-mode�·4•5 •6•7 Once sufficient sensitivity is available, identifying methods 
for mitigating systematic errors becomes the paramount issue for next-generation experiments.  
Now is the time to characterize polarimetry techniques precisely, and identify those that will 
both be compatible with the new detector arrays, and produce acceptable levels of manageable 
systematic error. This paper is dedicated to the discussion of half-wave plate polarimetry, which 
is one candidate technology. This technique along with important sources of systematic error are 
described in Section 2. A measurement used to characterize this type of polarimeter is described 
in Section 3. 

We used the MAXIMA instrument as a pathfinder to learn about CMB polarization mea­
surements which use a rotating HWP as a polarization modulator. The optical arrangement 
of l\IAXIl'vlA allowed HWP hardware to be installe<l and the high sensitivity of the receiver 
made detection of the E-mode polarization plausible in a �24 hour flight . The retrofitted ex­
periment is called l\IAXIPOL, and it is the first Cl\IB experiment to observe the sky with a 
HWP polarimeter. In this paper we discuss some of the lessons learned from MAXIPOL about 
the systematic errors in HWP polarimetry, with the intention that this information will inform 
the design of future experiments. We find that any residual HWP systematic errors were less 
than the statistical noise in the time and map domain for MAXIPOL so the technique remains 

86 



linearly polarized 
signal 

HWP rotating at/ I 

-=- / /ITT / 
/ WJ \  

I 
./ 

l 
rotation from cross-polarization \ produced by the optics 

signal emerges 
rotating at 2f 

(a) 

stationary analyzer I horn and detector 

only one polarizatlon 
transmits through analyzer 100 zoo 

1-<""f' ,,,.��<at."" a�9•t r11�q•tn] 

(b) 

effKt of signal 1015 

effect of modulation 
efficiency < l 

Figure 1: (a) Schematic drawing of HWP polarimeter hardware. (b) Two simulations of the detector output. The 
length of the signal vector in (a) corresponds to the degree of polarization. The effect of a few kinds of non-ideal 
performance is highlighted in (b). The modulated signal from a perfect polarimeter measuring a perfectly lineraly 

polarized source would extend from 0 to I in ( b). 

promising for E and B-mode characterization. The MAXIMA instrument and observations have 
been described in previous publications�·9•10•1 1 •12• 13• 14• 15• 16• 17•18•19 Detailed descriptions of the 
MAXIPOL results are being prepared.20•21 

2 Half-Wave Plate Polarimetry 

Linearly polarized light that propagates through a HWP rotating at a frequency f emerges 
linearly polarized with its orientation rotating at 2f. If this light then passes through a fixed 
polarization analyzer and its intensity is subsequently detected, the output data stream will 
be modulated sinusoidally at 4f. Perfectly polarized light will maximize the 4f amplitude and 
unpolarized light will yield no modulation. The phase of the output data is determined by the 
orientation of the incident polarization. Figure 1 shows a drawing of a HWP polarimeter and 
a simulated detector response. The fact that the detected signal is modulated at 4f is very 
important for several reasons. The modulation imposed by the HWP, combined with telescope 
scanning moves sky signals to a user-defined band in the frequency domain, which can be shifted 
away from any detector 1/ f noise or other spurious instrumental signals. Unwanted signals at 
f, 2f, and 3f from the HWP or its drive mechanism can easily be rejected. The HWP operates 
on polarized radiation only so polarized and unpolarized signals are cleanly separated. Further, 
a single detector rapidly measures the modulated Q and U Stokes parameters simultaneously, so 
systematic errors that complicate detector differencing techniques are avoided. The systematic 
errors that must be corrected in order to successfully use the technique are explained in detail 
below. 

2. 1 Cross-Polarization 

Cross-polarization is an effect where power from one polarization state is moved to the orthogonal 
polarization. This phenomenon produces Q ...., U mixing if the phase of the two polarizations is 
preserved during the operation and Q. U ...... V mixing if it is not. For Cl\IB measurements Q ...... U 
mixing is important because it leads to E ...... B mixing. HWP polarimeters like MAXIPOL are 
insensitive to V. Typical sources of cross-polarization are the reflective telescope optics and the 
horns, though the effect of the horns is not detectable if they follow the analyzer, which was 
the case for MAXIPOL. The MAXIPOL HWP should not produce spurious cross-polarization. 
However, achromatic HWPs under consideration for future experiments can produce spurious 
cross-polarization.22 

· 
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Figure 2: l\IAXIPOL polarimeter data from a typical photometer. (a.) Results from the pre-flight characterization 
of the polarimeter. (b) The power spectrum of 16 minutes of time-ordered flight data with the known systematic 
errors corrected. (c) The power spectrum of the demodulated time ordered polarization data for Q. Zero-­
frequency in (c) is 4/ in (b). Sky signals appear in sidebands bounded by the dashed lines marking the telescope 
scan frequency and the frequency-domain representation of the telescope beam in panels (b) and (c). Nominal 

instrument noise is recovered in all cases. 

Systematic errors arising from cross-polarization can be mitigated during data analysis by 
applying a calibration like the one ascertained by the measurement described in Section 3. 
Other instrumental effects that mimic cross-polarization are phase shifts from the bolometer 
time constant and offsets produced by misalignment between the crystal axes and the encoder. 
The combined effect of the MAXIPOL cross-polarization from the secondary and tertiary tele­
scope mirrors and a HWP encoder offset appears as the phase shift in the modulation data in 
Figure 2(a). 

2.2 Instrumental Polarization 

Unpolarized incident light can become partially polarized inside the instrument through diffrac­
tion, oblique reflection, and by combining the incident signals with polarized emission. Sources 
of instrumental polarization that affect the transmitted signal are most serious because they op­
erate on sky signals which have been modulated by the telescope scanning. For example, unpo­
larized CMB temperature anisotropies become spurious sky-stationary polarization anisotropies. 
Polarized signals radiated from telescope baffles located between the sky and the HWP are less 
serious, provided the baffle temperature changes are slow compared with the rate of modulation 
of sky-stationary signals. For MAXIPOL the instrumental polarization in transmission is < 13 
so any Tsky --+ Q, U is not detectable. 

2.3 Depolarization 

The HWP for MAXIPOL is made from a single layer of anti-reflection coated sapphire. The 
behavior described in Section 2 applies only to frequencies v = mc/2t!::,,n where /::,,n is the 
difference between the ordinary and extraordinary indices of refraction in the birefringent crystal, 
t is the propagation length through the crystal, m is an odd integer and c is the speed of light. 
Linearly polarized light at other frequencies emerges elliptically polarized from the HWP( Q, U --+ 

V conversion) . Typical analyzers like wire-grid polarizers do not mix V to I and total power 
detectors like bolometers are only sensitive to I emerging from the analyzer so the spurious V 
signal created by the HWP is rejected. However, the Q and U that are detected are smaller than 
the true Q and U of the actual signal, which means the polarimeter has partially depolarized the 
signal. The level of depolarization is described by a modulation efficiency. A typical photometer 
in the MAXIPOL polarimeter had a modulation efficiency of 923, which means a perfectly 
polarized signal was measured to be 923 polarized by the instrument. 
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2.4 Other HWP Errors 

Other known ffWP systematic errors exist though they are less serious because they appear out 
of the Q, U signal sidebands on either side of 4/ (see dashed curves in Figures 2(b) & 2(c) ) .  For 
example, differential transmission resulting from use of a non-birefringent anti-reflection coating 
will produce a 2/ signal. For lvIAXIPOL, thermal emission from the hardware used to rotate 
the HWP produced signals that appeared in the data stream at the harmonics of f. The most 
serious case was the 4/ harmonic. Like the instrumental polarization signal from emission at 4/, 
it could be separated from the sky stationary signals using the fact that the thermal emission 
signal drifts very slowly compared to the time scale of the sky signals. The power spectra in 
Figures 2(b) and 2(c) show that after correction of the known errors, the nominal detector noise 
is recovered . 

Absorptive loss at 140 GHz in the HWP is low. The transmission is 983 for 3 .18 mm of 
sapphire at 4 K. The absorption coefficient does not change significantly between 5.8 and 76 K 
so for MAXIPOL the exact HWP temperature was not important, provided it was stable on 
time scales that were long compared to the HWP rotation period.23 

3 Polarimeter Characterization 

The MAXPOL polarimeter was characterized with measurements in the laboratory before the 
flight. We made two measurements using a thermal source, which filled the beam and was 
chopped between 273 K and 300 K .  First, the radiation was linearly polarized with a wire-grid 
mounted on the window of the cryostat. The orientation of the transmission axis of this polarizer 
and the analyzer were aligned to within a few degrees. The amplitude of the chopped signal 
was then measured at 54 orientations of the HWP angle, as shown in Figure 2 (a). This test 
yielded the cross-polarization of the optical elements between the cryostat window and the HWP 
and the modulation efficiency of the polarimeter. Second, the same test was repeated with the 
window polarizer removed to give the transmission component of the instrumental polarization, 
which was constrained to be < 13 .  
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THE NEAR-IR GALAXY LUMINOSITY FUNCTION FROM 
SDSS AND UKIDSS 

J. LOVEDAY 
Astronomy Centre, University of Sussex, Falmer, Brighton BNl gQH, England 

We combine spectroscopic galaxy redshifts from the Sloan Digital Sky Survey (SDSS) with 
K-band photometry from the UKIRT Infrared Deep Sky Survey (UKIDSS) Large Area Survey 
(LAS) Early Data Release. K-band number counts show that UKIDSS LAS is complete in 
galaxies to a Petrosian magnitude K "" 16, about two magnitudes deeper than the 2MASS 
Extended Source Catalogue. We present preliminary estimates of the K-band luminosity 
function of galaxies detected by both the UKIRT Infrared Deep Sky Survey and the Sloan 
Digital Sky Survey. Although the matched sample size is much smaller than that used in 
previous work utilising 2MASS photometry, our results are consistent with these earlier results, 
and suggest that UKIDSS LAS is more complete in low surface brightness galaxies than 
2MASS. 

1 Introduction 

The study of galaxies in near-infrared (near-IR) light offers several advantages over optical 
wavelengths. 

1. Light of � 2µm in wavelength provides an accurate tracer of the mass in evolved stars 
and is relatively insensitive to recent episodes of star formation. Near-IR light thus traces 
stellar mass rather than star-formation activity. 

2. The K-correction in near-IR wavelengths is approximately independent of a galaxy's spec­
tral energy distribution (SED). 

3. The effects of reddening and extinction by dust are less in the near-IR than in the optical. 

The recent advent of large-area infrared detectors has made possible large surveys in the near­
IR. Pre-eminent amongst these is the 2 Micron All Sky Survey (2MASS)  9, which covers the 
entire sky in the J, H and Ks bands to a Ks-band depth of 14.3 ( lOcr point source) . This is, 
however, a relatively shallow survey, with a typical galaxy redshift z < 0 .1 .  It is thus impossible 
to use 2MASS to investigate evolutionary properties of galaxies. Here we utilise data from a 
new near-infrared galaxy survey, in combination with optical and spectroscopic data, in order 
to estimate the K-band galaxy luminosity function. 

2 Data 

We use Data Release 5 (DR5) of the Sloan Digital Sky Survey (SDSS) and the Early Data 
Release (EDR) of the UKIRT Infrared Deep Sky Survey (UKIDSS) .  
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Figure 1 :  Equatorial all-sky plot showing locations of UKIDSS sub-surveys. Cross-hatch: LAS, dark grey: GPS; 
light grey: GCS; open rectangles: DXS. The single UDS field lies adjacent to DXS field at 2h 1gm RA, -5° dee. 

Figure taken from reference 7• 

Table 1 :  Sub-survey areas (square degrees) and K-band depths in Vega magnitudes for a point source at 5a. 
Final ( 7-year), 2-year and ED R statistics are quoted. 

Survey 7-year 2-year EDR 
Area K limit Area K limit Area K limit 

LAS 4028 18.2 2120 18.2 27.3 18.1 
GPS 1868 19.0 1868 18.2 14.9 18.1 
GCS 1067 18.6 604 18.2 7.0 18.1 
DXS 35 20.8 12.6 20.8 2.4 20.6 
UDS 0.77 22.8 0.77 22.8 0.77 21.1 

2. 1 UKIDSS 

UKIDSS 7 utilises the new Wide Field Camera (WFCAM) on the 3.8 metre UK Infra-Red 
Telescope (UKIRT) to survey the sky in the ZY JHK bands from 0.8 to 2.5 µm. It actually 
comprises five sub-surveys: the Large Area Survey (LAS), the Galactic Plane Survey (GPS) ,  the 
Galactic Clusters Survey (GCS) , the Deep eXtragalactic Survey (DXS) and the Ultra-Deep Sur­
vey (UDS).  Areas and depths for these sub-surveys are given in Table 1 and the sky distribution 
of survey fields is shown in Figure 1 .  The survey began in May 2005 and is scheduled to take 
seven years to complete, with well-defined goals after two years of survey operation (see Table 1 ) . 
An Early Data Release (EDR) 4, comprising about 13 of the final survey data, was released to 
the ESO community in February 2006. The first large data release (DRl) is scheduled for July 
2006, and will include about 103 of the final survey data. Data will become public to the world 
18 months after they are released within ESO. 

The UKIDSS LAS is well matched to SDSS, and here we use galaxies detected in UKIDSS 
LAS "EDR+" (which includes areas of sky with incomplete filter coverage) and SDSS DR5 to 
measure the K-band luminosity function. 
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Figure 2: Left: Equatorial distribution of the 3,249 UKIDSS-SDSS matched galaxies with redshifts. Right: 
unnormalised Petrosian K-band number counts for all LAS galaxies (continuous line) and matched galaxies with 

redshifts (dashed line). 

2.2 SDSS 

We use Data Release 5 (DR5) 12 of the SDSS main galaxy sample. This release, made public in 
July 2006, has an imaging area of 8000 deg2 and a spectroscopic area of 5740 deg2 • The main 
spectroscopic sample of galaxies 10 is flux-limited to an extinction-corrected Petrosian r band 
magnitude limit of r < 17.77. The DR5 version of this sample contains 783,263 galaxy targets, 
of which 455,995 have a measured redshift. 

2.3 Data Matching 

UKIDSS EDR data is pre-matched in the WFCAM Science Archive11  to SDSS DR2. However, in 
order to maximise the number of galaxies with SDSS redshifts, we have matched to SDSS DR5. 
We utilise the Starlink TOPCAT programme and match on equatorial coordinates with a tolerance 
of 2 arcsec (more than 993 of objects match within 1 arcsec) .  Of 1,373,166 unique detections 
in the LAS, 11,835 match up with an SDSS DR5 main sample galaxy. Of these galaxies, 4,584 
include a K-band detection. We estimate the effective sky coverage of the matched galaxies with 
K-band photometry as follows. SDSS DR5 imaging data covers 8000 deg2 and the main galaxy 
sample includes 783,263 targets (of which 455,995 have a measured redshift) . The estimated sky 
coverage is then given by 8, 000 x 4, 584/783, 263 R:I 46.8 deg2 • Of the 4,584 matched galaxies 
with K-band photometry, 3,249 have an SDSS redshift. The spectroscopic incompleteness is 
automatically allowed for by our luminosity function estimators. 

The sky-distribution of these matched galaxies is shown in the left panel of Figure 2. The 
right panel shows Petrosian K-band number counts for all LAS galaxies and for matched galaxies 
with redshifts. We see that LAS galaxy counts are complete to roughly K = 16, with a turnover 
in the counts near K = 17. As expected, the magnitude limit for a complete sample of LAS 
galaxies, being extended sources, is significantly brighter than the point-source limit given in 
Table 1. The matched counts are complete only to K = 14. This limit is due to the relatively 
shallow depth of SDSS spectroscopy (r < 17. 77) combined with the reddest typical galaxy colour, 
(r - K) R:I 3.8 (Fig. 3), and is only half a magnitude or so deeper than galaxy samples selected 
from 2MASS. In order to estimate a K-band luminosity function which is unbiased with respect 
to galaxy colour, a magnitude limit of K < 14 must be applied to the matched sample, giving 
a complete sample of 1,287 galaxies. 
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Figure 3: (r - K)-r colour-magnitude di­
agram for matched UKIDSS-SDSS galaxies. 
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Figure 4: K-band luminosity functions estimated from (left) a complete sample of 1,287 galaxies and (right) via 
the bivariate r/J(Mr, MK ) distribution of 3,249 galaxies, incomplete in faint, red galaxies. 

3 K-Band Luminosity Function 

We first K-correct apparent K-band magnitudes to a bandpass that is blue-shifted by a factor 
of 1 . 1  to z = 0 . 1 .  This means that galaxies at the median redshift of the SDSS main sample, 
z = 0.1 ,  have a K-correction that is independent of galaxy type. The amplitudes, and hence 
uncertainties, of the K-corrections are also minimised in this way. K-corrections are performed 
using kcorrect v4_1_4 2 • 

The luminosity function (LF) is then determined using both parametric (Schechter function) 
and non-parametric (stepwise maximum likelihood) estimators that are independent of density­
inhomogeneities 8•5 . The resulting LF is shown in the left panel of Figure 4. Due to the small 
sample size, the faint end of this LF is poorly determined, and despite the estimated faint-end 
slope parameter a = - 1 .3 in the Schechter function fit, the stepwise estimate is clearly consistent 
with a "flat" faint-end slope of a = -1 .0. 

One can utilise all 3,249 UKIDSS-SDSS matched galaxies by estimating the bivariate lumi­
nosity function <jJ(Mri  MK) ,  allowing for the known r-band selection, and then integrating over 
Mr to obtain an estimate of <P(MK) ·  The resulting LF is shown in the right panel of Figure 4. 
Using this larger dataset, one indeed finds a faint-end slope parameter closer to a = -1 .0. One 
should bear in mind that the least-luminous galaxies in this sample will be bluer in (r - K) 
colour than average: they are constrained to have r < 17. 77 by the spectroscopic flux limit but 
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have no explicit cut in .K-band magnitude. 
Both of these estimates hint at a slightly steeper faint-end slope a than has been mea­

sured for K-band LFs determined using 2MASS photometry 3•6•1 . This is to be expected since 
UKIDSS LAS probes to lower surface-brightness limits than the comparatively shallow 2MASS 
observations, and there is a correlation between luminosity and surface-brightness. 

The UKIDSS EDR sample is too small to subdivide by galaxy type, surface-brightness or 
redshift. This situation will change with the First Data Release (DRl) of UKIDSS in July 2006, 
which will contain about ten times as much data as EDR. While still not providing quite as 
many matches with SDSS as 2MASS, UKIDSS DRl will enable one to probe evolution in the 
K-band LF over the redshift range 0 :S z :S 0.5 for the first time. 
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Abstract 
Using a directional spherical wavelet analysis we detect the integrated Sachs-Wolfe (ISW) 

effect, indicated by a positive correlation between the Wilkinson Microwave Anisotropy Probe 
(WMAP) and NRAO VLA Sky Survey (NVSS) data, at the 3.9cr level. In a flat universe 
the detection of the ISW effect provides direct and independent evidence for dark energy. 
Moreover, we use our detection to constrain the dark energy density !1A. We obtain estimates 
for !1A consistent with other analysis techniques and data sets and rule out a zero cosmological 
constant at greater than 99% significance. 

1 Introduction 

Strong observational evidence now exists in support of the A cold dark matter (ACDM} fiducial 
model of the universe . . Much of this evidence comes from recent measurements of the cosmic 
microwave background (CMB) anisotropies, in particular the Wilkinson Microwave Anisotropy 
Probe (WMAP) data2 . At this point, the confirmation of the fiducial ACDM model and the 
existence of dark energy by independent physical methods is of particular interest. One such 
approach is through the detection of the integrated Sachs-Wolfe (!SW) effect) . 

It is not feasible to separate directly the contribution of the ISW effect from the CMB 
anisotropies. Instead, as first proposed by Crittenden & Turok ' ,  the !SW effect may be detected 
by cross-correlating the CMB anisotropies with tracers of the local matter distribution (for 
redshift in the range 0 � z � 2) . A cross-correlation indicative of the !SW effect was detected 
first by Boughn & Crittenden1 and since by many other authors. In these proceedings we give 
a very brief overview of our recent work1i using directional spherical wavelets to detect the !SW 
effect and contrain dark energy parameters. 
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(a) SMHW 

(b) SBW 

Figure 1: Spherical wavelets at scale a = b = 0.2. 

2 Analysis procedure 

2.1 Continuous spherical wavelet transform 

(a) SMHW 

(b) SBW 

Figure 2: Wavelet covariance N., surfaces with 
two and three N., contours shown. 

Wavelets are an ideal tool to search for the !SW effect1 l ,(i due to the scale and spatial localisation 
provided by a wavelet analysis. To perform an analysis of full-sky CMB maps, Euclidean wavelets 
must be extended to spherical geometry. We apply our fast CSWT algorithm' ·8 , which is 
based on the spherical wavelet transform developed by Antoine, Vandergheynst and colleagues 
l ,1:3 and the fast spherical convolution developed by Wandelt & G6rskr1 2 . We consider two 
spherical wavelets in our subsequent analysis: the spherical Mexican hat wavelet (SMHW) and 
the spherical butterfly wavelet (SBW). These spherical wavelets are illustrated in Fig. 1 .  

2.2 Wavelet covariance estimator 

The covariance of the wavelet coefficients is used as an estimator to detect any cross-correlation 
between the CMB and the local matter distribution. The wavelet coefficient covariance estimator 
is denoted _X�T(a, b} , where (a, b} define the size of the anisotrop�c dilation (note that perfect 
reconstruction is not possible in the case of anisotropic dilations' ) .  For a given cosmological 
model, the theoretical wavelet covariance is given byi 
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where 1/Jtm are the spherical harmonic coefficients of the wavelet, Cf'T is the cross-power spectrum 
for the model considered and bl and Pl are beam and pixel window functions respectively. 

2. 3 Data and simulations 

The detection of the !SW effect is cosmic variance limited, hence we require (near) full sky maps 
in our analysis. We consider the WMAP co-added map and the NVSS radio source catalogue1 . 
The near full-sky coverage and source distribution of the NVSS data make it a suitable probe 
of the local matter distribution to use. To quantify the significance of any correlations between 
the data we simulate 1000 Gaussian co-added maps, constructed by mimicking the WMAP 
observing strategy and co-added map construction technique. 

2.4 Procedure 

The analysis consists of computing the wavelet covariance estimator described in section 2.2 
for a range of scales and orientations. We consider only those scales where the !SW signal is 
expected to be significant, ranging over dilation scales from 100' -500', in steps of 50', and consider 
five evenly spaced orientations in the domain [O, rr) . Any deviation from zero in the wavelet 
covariance estimator for any particular scale or orientation is an indication of a correlation 
between the WMAP and NVSS data and hence a possible detection of the !SW effect. An 
identical analysis is performed using the simulated co-added CMB maps in order to construct 
significance measures for any detections made. Finally, we use any detections of the ISW effect 
to constrain dark energy parameters. 

3 Results and discussion 

3. 1 Detection of the ISW effect 

A positive wavelet covariance outside of the 99% significance level is detected on a number 
of scales and orientations. On examining the distribution of the wavelet covariance statistics 
from the simulations, the covariance statistics appear to be approximately Gaussian distributed. 
This implies that the approximate significance of any detections of a non-zero covariance can be 
inferred directly from the Nu level. In Fig. 2 we plot the Nu surfaces for each wavelet in (a, b) 
space. The maximum detection made for each wavelet occurs at Nu = 3.9 on wavelet scales 
about (a, b) = (100', 300') .  The wavelet analysis allows us to localise on the sky those regions 
that contribute most strongly to the covariance detected. These localised regions are evenly 
distributed over the entire sky and do not appear to be the sole source of the correlation between 
the data.ri In addition, we test whether foregrounds or WMAP systematics are responsible for 
the correlation but find no evidence to support this.(5 The correlation we detect therefore appears 
to be consistent with a signal due to the ISW effect. 

3.2 Constraints on dark energy 

We use our detection of the ISW effect to constrain dark energy parameters by comparing 
the theoretically predicted wavelet covariance signal for different cosmological models with that 
measured from the data. In particular, we constrain nA over the range 0 < nA < 0.95, assuming 
a pure cosmological constant (we allow the equation-of-state parameter w to vary in our pre­
vious wor�i ) .  For other cosmological parameters we assume concordance model values1 1 1 • The 
likelihood distributions computed using each wavelet are shown in Fig. 3. Within error bounds 
the parameter estimates obtained from the mean of the distributions are consistent with each 
other and with estimates made using other techniques and data sets. We also show in Fig. 3 
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(a) SMHW likelihood distribution for QA 

(b) SBW likelihood distribution for QA 
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(c) Cumulative probability functions P(HA > 
x) 

Figure 3: Likelihood distributions and cumulative probability functions for QA when w = -1. Confidence regions 
at 683 (yellow), 953 (light-blue) and 993 (dark-blue) are also shown on the likelihood distributions, with 
the parameter estimates made from the mean of the distribution shown by the triangle and dashed line. The 
cummulative probability functions show the probability P(QA > x) for the SMHW (solid) and SBW (dashed) . 

the cumulative probability P(nA > x). For both wavelets, we have very strong evidence for the 
existence of dark energy. 

4 Conclusions 

Using directional spherical wavelets we have made a detection of the ISW effect at the 3.9a level. 
In a fiat universe the ISW effect exists only in the presence of dark energy, hence our detection 
may be interpreted as independent evidence for dark energy. We rule out a model with no dark 
energy (nA = 0) at > 99% significance. 
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JOINT MULTI-COMPONENT ANALYSIS OF ARCHEOPS AND WMAP 
OBSERVATIONS OF THE CMB ANISOTROPIES 

G. Patanchon 

Physics & Astronomy, Hennings Building, 6224 Agricultural Road 
Vancouver E. G. VjT IZI, Canada 

We present a joint multi--.:omponent analysis of Archeops and WMAP first year observations 
of Cosmic Microwav� Background (CMB) anisotropies. The comparison of the two data sets 
allows us to verify, on Archeops sky coverage (20% of the total sky), the compatibility between 
the two experiments observing the sky in a large range of wavelengths between 22 and 90 GHz 
for WMAP and at 143 and 217 GHz (also 353 and 545 GHz) for Archeops. We find that 
CMB anisotropies detected by both experiments are fully compatible except for an amplitude 
parameter attributed to absolute calibration discrepancies. The multi-component analysis 
allows us to detect weak residual systematics in Archeops maps attributed to residual galactic 
and atmospheric emissions. 

1 Introduction 

The CMB is one of the most powerful probe in Cosmology. The shape of the spatial power 
spectrum depends on cosmological parameters describing in the frame of the standard model, 
the matter content, the geometry, and the evolution of the Universe. Since the first detection 
of CMB anisotropies by COBE satellite in 1992, numerous ground-based and balloon-borne 
experiments aimed at measuring the CMB power spectrum and improved constraints on cosmo­
logical parameters. The Archeopif balloon-borne experiment allowed to measure for the first 
time with a good accuracy, by observing a large fraction of the sky (30%) , the CMB anistropies 
at intermediate angular scales ( l-5o ) . Recently WMAP satellite, after three years of data acqui­
sition, provided measurement of CMB power spectrum with unprecedented accuracy in a wide 
range of multipole scales 6 .  

Archeops and WMAP probe similar angular scales at different wavelengths, with different 
foregrounds and different systematic effects. Although the noise level in WMAP observations is 
lower, Archeops is sensitive enough to constrain very significantly the 143 and 217 GHz CMB 
anisotropy emission. In the following, we performed a quantitative comparison and a joint 
analysis of Archeops and WMAP observations on the Archeops coverage. The main objectives 
of this analysis are to check the compatibility of the two experiments, to confirm the cosmo­
logical nature of WMAP and Archeops detections and to investigate the residual foreground 
contamination and systematics in both experiments. 

ahttp://www.archeops.org 
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2 Data 

The Archeops experiment was launched on February 7, 2002 from the balloon base in Esrange, 
near Kiruna (Sweden) . 11 .7  hours of useful data were taken during the arctic night, in four 
different frequency bands: 143, 217,  353 and 545 GHz, covering about 30 percent of the total 
sky with 12 arc-min angular resolution for the best channels 1 .  Time ordered data of detectors 
at 143 GHz and 217 GHz used for the present analysis have been cleaned from atmospheric and 
galactic dust emissions using data at higher frequencies (353 and 545 GHz) . A high-pass filter 
at 0.1 Hz is also applied to the data before the map-making, in order to remove large scale noise 
drifts. See 5 for details on the processing. 

The WMAP space probe, launched by NASA in 2001 ,  is a large telescope for imaging 
the total emission of the sky at 5 different frequency channels: 23, 33, 41 ,  61 ,  and 94 GHz 
(Ka, K, Q, V, W bands) ,  with a resolution ranging from about 0.2 to 0.9 degrees (limited by 
diffraction) ,  and with full sky coverage 6 .  Foreground cleaned versions of the Q, V and W­
band maps using external galaxy templates have been used in the generation of the WMAP 
three-year CMB power spectrum by the WMAP team, and are available to the community 
(http://lambda.gsfc.nasa.gov/) . 

We have performed some processing of WMAP foreground cleaned maps in order to match 
Archeops map transfer function. We extract mono-dimensional data from maps reproducing 
Archeops scanning strategy, then we low-pass filter the data as done for Archeops and reproject 
them. We also partially correct spherical harmonic coefficients to match Archeops 143 GHz 
resolution (assuming a spherical beam). We mask the pixels which are not common to all the 
observed maps, as well as regions in the galactic plane and strong point sources. The procedure 
applied to the maps and the processing pipeline have been validated by numerous Monte Carlo 
simulations. 

3 Model & method 

CMB anisotropies are the dominant em1ss1on from the sky in both Archeops and WMAP 
"cleaned" observations. Nevertheless, some residual foreground emissions and systematics could 
be present at a low level. We model the observed maps by a noisy linear mixture of unknown 
components including CMB. This simple model writes for the observed map from detector d: 

Ne 
x;(B, ¢) = L A;csc(B, ¢) + n;(B, ¢) , ( 1 )  c=l 

Sc the spatial distribution of component c, n; is the noise map for that observation i ,  and A;c is 
the element of the "mixing matrix" A which represents the amplitude of component c in map i. 
Note that this amplitude depends on the component's emission law, as well as on the calibration 
coefficient assumed for observation i .  

The covariance matrix of the maps is defined for multipole e as: R(£) = ( x(£, m) x(£, m)t ) , 
where x(£, m) are the coefficients of the field on the basis of real spherical harmonics. From 1 ,  
and assuming independence between each component and noise, we obtain: 

R(£) = AC (f)At + N(£) . (2) 

where C(£) and N(£) are the component and noise power spectra respectively. 
Our analysis of Archeops and WMAP observations is based on the adjustment of the model 

· of the cross- and auto- power spectra of the observed maps to their measured counterparts R( q) 
averaged over multipole bins q. In practice, we minimize a measure of the mismatch between R(q) (just replace £ by q in 2) and R(q) with respect to the parameters of our model which are: 
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the mixing matrix A, the bin-averaged component power spectra C(q) and noise power spectra N(q) (note that part of the parameters only can be estimated). The criterion we minimize 
is derived from the maximum likelihood of the data under a Gaussian stationary model of 
components and noise, and writes: 

Q <I!(B) = L nqD ( R(q) , R(q, B)) , (3) 
q= l 

where D(R1 , R2) = ! [tr ( R1R21) - logdet(R1R21 ) -Nd] is the Kullback divergence between 
matrices R1 and R2. Description of the method can be found in 2 . 

The estimated component power spectra are corrected from partial sky coverage effects, beam 
transfer function, and filtering of the time ordered data (estimated by Monte Carlo simulations, 
see 7 for details on the procedure), following the MASTER approach described in 4 .  Errors 
on parameter estimation are computed analytically using Fisher formalism. For validation, 
analytical errors are compared to the dispersion obtained from Monte Carlo simulations. The 
number of significant components in data, which is a priori unknown is inferred by measuring 
the goodness of fit of parameters for various number of components in the model. 

4 Results from joint analysis 

In the following, we present the results from the blind analysis of Archeops and WMAP observed 
maps. Series of likelihood tests varying in each step the number of estimated components 
show that three components are significant in data. The likelihood is very satisfactory when 
three components or more are estimated. Figure 1 shows the estimated amplitude of each 
component in each Archeops and WMAP channel (estimated elements of the mixing matrix A) 
for a three components model. The main component, which is very dominant in all channels, 
is interpreted as CMB anisotropies. It shows constant (CMB) temperature in WMAP channels 
as expected in the frame of standard model, but is significantly under the predicted CMB 
emission spectrum in all Archeops maps (by 6-8%) .  This is interpreted as due to errors of the 
Archeops absolute calibration on the dipole. The two other detected components are significant 
in Archeops maps only, since their amplitude is compatible with 0 in WMAP channels. They 
are residual systematics in Archeops. 

Despite the presence of residual components in Archeops maps, this analysis demonstrates 
that CMB anisotropies are the only source of correlation between Archeops and WMAP and 
that they are described by a single component template across frequencies. Therefore, Archeops 
and WMAP provide compatible measurements of CMB anisotropies, except for an amplitude 
coefficient. The estimated power spectrum of CMB anisotropies from the joint analysis is shown 
in Figure 1 (right) .  We verify that the measured spectrum is fully compatible with the best fit 
cosmological model computed by WMAP team. In addition to this test, we have verified that 
the cross power spectrum between Archeops and WMAP is compatible with the best fit power 
spectrum model. 

The first residual component is detected in all Archeops channels with a relatively constant 
amplitude across channels, independently of the observation frequency. This residual component 
is a mixture of residual galactic dust emission (seen in the estimated map as bright emission 
close to the galactic plane) and of slow systematic drifts in the Archeops time ordered data (as 
indicated in the map by elongated structures forming stripes in the Archeops scanning direction), 
probably due essentially to atmospheric emission. The component is a "common mode" residual, 
seen by all detectors. The second residual component, already reported in 7, is detected only in 
the 217 GHz channels, and is probably due to residual atmospheric emission. 
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Figure 1: Left: elements of the estimated mixing matrix A.c, giving the amplitude in CMB temperature units of 
each component (normalized in rms) in each observed map, from the blind analysis assuming three components. 
Error bars are statistical and do not include calibration uncertainty. The first component (in black) is CMB 
anisotropies. The straight line corresponds to an average of CMB amplitude in WMAP maps. The two other 
components (in blue and red) are residual systematics in Archeops. Right: estimated CMB power spectrum from 
the joint multi-component of Archeops and WMAP (after correction from unresolved point source emissions} 

compared to the prediction of the best fit model of WMAP data. 

5 Conclusion 

We have performed a joint analysis between Archeops and WMAP observations of the CMB 
anisotropies in order to check the compatibility between the two data sets and detect residual 
systematics. We used a multi-component method allowing to estimate blindly the power spectra 
of independent components in the maps as well as their amplitude across frequency channels. We 
showed that CMB anisotropies detected in both experiments are compatible since they are the 
only source of correlation between Archeops and WMAP and they can be described by a single 
component template across Archeops and WMAP frequency channels. The power spectrum of 
this "common" component is compatible with the best fit WMAP cosmological model. However, 
we identified a discrepancy in the amplitude of the CMB anisotropies between both experiments 
(lower by 6-8% in Archeops with respect to WMAP) attributed to an error in Archeops absolute 
calibration on dipole. We also identified two weak additional component in Archeops maps 
resulting from residual atmospheric and galactic emission. 
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Weak Lensing Mass Reconstruction of the Galaxy Cluster Abell 209 

S. Paulin-Henriksson, V. Antonuccio-Delogu 
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We describe step by step the typical weak gravitational lensing analysis of the galaxy cluster 
Abell 209 (z - 0.2), using a heavily modified version of the KSB algorithm applied to an 
archival R-band image of this cluster taken with the CFHT- 12k. A parametric modelling 
with NFW profile gives a total mass within R2oo of about 2 x 10 1 5  M0 , slightly larger than 
the value derived by Mercurio et al.10 using radial velocities. 

1 Introduction 

The galaxy cluster Abell 209 (z = 0.209) is a particularly interesting target for a weak lens­
ing mass reconstruction, because it is probably not completely virialised1·10•3, is well covered 
by observations and the evolutionary properties of its galaxy populations have already been 
meticulously analysed1·10 . 

This contribution describes the analysis perfomed on a deep R-band image, based on the 
KSB+ weak lensing analysing method.7·8•6 , throught a pipeline implemented at the Catania 
Astrophysical Observatory (Italy) and tested on STEP simulated images 5•9. This work is a 
preliminary step towards a more complete forthcoming analysis in R and B bands. 

2 Data description 

We use archival CFHT-12k images in R band, reduced and stacked by Haines, Mercurio et al�,lO 
in the framework of their photo-spectrometric analysis. These data were kindly provided by the 
Capodimonte observatory (Italy) . Data are complete for R ;S 25. 

As this analysis is perfomed directly on stacked images, the overlaps between CCD may con­
tain some PSF (Point Spread Function) instabilities. For this reason we mask these overlapped 
regions. Unfortunately, the cluster center lies exactly within such a CCD overlap. We extend 
the data with a HST/WFPC2 field of about 1 arcmin in the broad red filter F702W, centered 
on the cluster center. 

3 The weak lensing analysis 

3.1 Step 1 - building star and background galaxy catalogues 

The weak lensing signal is carried by background galaxies, lensed by the foreground cluster. On 
the other hand, stars carry the information about the PSF. The first step of the analysis is to 
build star and background galaxy catalogues. 

104 



Figure 1: Left panel: magnitude - central magnitude diagram for all objects detected in the R-band image. Right 
panel: radius - magnitude diagram for the same objects. In both panels, stars are in red. Cluster (background 
respectively) galaxies are in light (dark resp.)  blue. Other objects (black and dark purple) are excluded from the 

analysis. 

The star identification is made in the 3 parameter space rh, R, Rmax· rh is the half-light­
radius (eg. the radius inside which one have 50% of the total flux of the object) ,  R is the 
magnitude in the R band, and Rmax is the magnitude of the central pixel ( eg. the pixel containing 
the centroid estimated by SExtractor2 ) .  Figure 1 shows the star sequence in red. It is important 
to note that all these 3 parameters are necerssary for the star selection. Typically 10% of the 
objects that would be selected as stars by 2 of the 3 parameters, are finally rejected by the third 
parameter. Finally we get an average star density of � 0.22.arcmin-2 (eg. � 22 stars per CCD) .  

The foreg�ound / background galaxy selection is  a straightforward cut on R. The values for 
this cut are choosen to give an almost uniform background galaxy density (while the foreground 
galaxy density is highly peaked around the cluster center), and will be optimised in future. 
After the mask, the averaged background galaxy density all over the field is � 15 .arcmin-2 .  
This number will be optimised when we will include the B image in  the analysis. 

3. 2 Step 2 - PSF interpolation 

The PSF is interpolated from stars, independently for each CCD, using a 2-degree-2-dimentional 
polynomial for each of 6 components of the PSF properties, as required by the KSB method. This 
is illustrated with the ellipticity on figure 2. The fact that, after the smearing and anisotropy 
corrections, the PSF shows such small and smooth variations all around the field, even from a 
CCD to another, is not at all assumed at any step of the analysis. It is a sign of the very good 
data quality. 

3.3 Step 3 - Tests of the PSF subtraction 

To test the PSF subtraction, we perform three statistical tests: 

1. We study the correlations between corrected galaxy ellipticities and uncorrected star el­
lipticities, as shown on figure 3 (a, b, c, d): As expected, the significant correlation due to 
the PSF before any correction is not significant anymore after the PSF subtraction. 

2. We study the correlations between the intensity of the shear bl and object size for different 
magnitude bins, as shown on figure 3 (e) . As expected for most of the rg bins, the error 
bars do not overlap and one clearly see that the weak lensing signal increases with the 
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Figure 2: Star ellipticities over the field (for a window radius of 2 pixels, see the KSB analysing method details) .  
Left panel: before corrections (i.e. observed ellipticities) .  Middle panel: PSF interpolated from the left panel. 
Right panel: residuals of the fit. In all ·panels, vectors lie along the major axis, while their length is proportional 

to the ellipticity: kl = /CQr�-Q��>+• Q�, . The scale shown in the upper right corners is kl = 0.05. The straight 
1 1  2 2  

lines show the CCD overlaps, which are not taken into account in the interpolation process. 
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Figure 3: Panels a and c (b and d respectively) :  < f1 >bin ( < f2 >bin resp.) of galaxies with respect to f 1 
(t2 resp.) of the nearest star. Panels a and b (c and d respectively) show the significant (unsignificant resp.) 
correlation before (after resp.) the anisotropic correction. Panel e: Average value < hi >bin = < ,/ri + /� >bin 
of galaxies as a function of r112 4., for 4 different magnitude bins. In black: 17.5 ;S R  ;S 20.0 (i.e. the 253 brightest 
galaxies), in red: 20.0 ;S R ;S 20.8, in dark blue: 20.8 ;S R ;S 21.4, and in light blue: 21 .4 ;S R ;S 25.8 (i.e. the 

253 faintest galaxies). Panel f: f1 against f2 of stars before (black) and after (red) the anisotropic correction. 

magnitude, ultimately with the optical depth. Note that the error bars do include the 
errors on the measured ellipticity. 

3. We compare star corrected and uncorrected ellipticities, as shown on figure 3 (f) . As 
expected after the subtraction, the distribution is centered around 0, with a very lower 
standard deviation. 

3.4 Step 4 - Mass reconstruction 

Fitting a NFW profile 

We have used parametric mass reconstruction to get a preliminary estimate of the mass within 
a given aperture. We fit a NFW (Navarro-Frenk-White)1 1 to the tangential shear data14. The 
maximum likelihood values for the two NFW free parameters are: r200 = 2.o h-1 Mpc and 
M200 = 1.9 x 1015 M0. r200 is the .radius inside which the average density is equal to 200 times 
the cosmological critical density, and M200 is the mass inside r200-
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Figure 4: Mass reconstructed profile. The box is about 10' x 10' wide (1 pixel = 0.206"), which, at the redshift 
of A209 (z = 0.209) corresponds to about 2.5 h-1 Mpc. Contours are logarithmically spaced and the central 

contour corresponds to a surface mass density of 0.25 x 105 M0 .arcmin-2 

Direct mass reconstruction 

We have used the method described in Seitz & Schneidei13,  based on the solution of a Poisson 
equation for the quantity K = ln( l - K) , where: K = afEcrit is the projected surface density in 
units of the critical density1- . The resulting profile is shown in figure 4. The elongation of the 
isodensity contour hints at the presence of two clumps of galaxies which have recently merged, 
as suggested by previous analysis1° .  
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DETECTING SHOCK WAVES IN COSMOLOGICAL SMOOTHED PARTICLE 
HYDRODYNAMICS SIMULATIONS 

C. PFROMMER1•2 , V. SPRINGEL2, T.A. ENSSLIN2, M. JUBELGAS2 
1) Canadian Institute for Theoretical Astrophysics 

2) Max-Planck Institut fer Astrophysik 

Shock waves during cosmological structure formation not only play a decisive role for the 
thermalization of gas in virializing structures but also for the acceleration of relativistic cosmic 
rays through diffusive shock acceleration. We present a novel formalism of identifying and 
measuring the shock strength on the fly in smoothed particle hydrodynamics simulations. 
Our formalism is applicable both to non-relativistic thermal gas, and to plasmas composed 
of cosmic rays and thermal gas. We apply our methods to study the properties of structure 
formation shocks in high-resolution hydrodynamic simulations of the Lambda cold dark matter 
model. We find that most of the energy is dissipated in weak shocks internal to galaxy clusters 
with low Mach numbers. Collapsed cosmological structures are surrounded by external shocks 
with higher Mach numbers up to 1000, but they play only a minor role in the energy balance of 
thermalization. This finding has important consequences for our understanding of the spatial 
distribution of relativistic particles in the cosmic large-scale structure, since it suggests that 
the ratio of the energy density of the cosmic ray proton population to the thermal gas within 
galaxy clusters increases with the cluster radius. Such an increase is required to explain 
the huge extended radio synchrotron halos of galaxy clusters by the injection of relativistic 
electrons through hadronic interactions of the cosmic ray protons with the ambient gas. 

1 Motivation 

Cosmological shock waves form abundantly in the course of structure formation, both due to 
infalling cosmic plasma which accretes onto filaments, sheets and halos, as well as due to super­
sonic flows associated with merging substructures. Additionally, shock waves in the interstellar 
and intracluster media can be powered by non-gravitational energy sources, e.g. as a result of 
supernova explosions. 

Cosmologically, shocks are important in several respects and connected to the following 
interesting questions. (1) Shock waves dissipate gravitational energy associated with hierarchical 
clustering into thermal energy of the gas contained in dark matter halos, thus supplying the intra­
halo medium with entropy and thermal pressure support: where and when is the gas heated 
to its present temperatures, and which shocks are mainly responsible for it? (2) Shocks also 
occur around moderately overdense filaments, heating the intragalactic medium. Sheets and 
filaments are predicted to host a warm-hot intergalactic medium with temperatures in the range 
105 K < T < 107 K whose evolution is primarily driven by shock heating from gravitational 
perturbations developing into mildly nonlinear, non-equilibrium structures. Thus, the shock­
dissipated energy traces the large scale structure and contains information about its dynamical 
history. (3) Besides thermalization, collisionless shocks are also able to accelerate ions through 
diffusive shock acceleration. These energetic ions are reflected at magnetic irregularities through 
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Figure 1:  Visualization of a non-radiative cosmological simulation at redshift z = 0 where the cosmic ray (CR) 
energy injection was only computed while the effect of the CR pressure on the dynamical evolution was not 
taken into account. The top panels show the overdensity of the gas and the mass weighted temperature of the 
simulation. The bottom panels show a visualization of the strength of structure formation shocks. The color 
hue of the map on the left-hand side encodes the spatial Mach number distribution weighted by the rate of energy 
dissipation at the shocks. The map on the right-hand side shows the Mach number distribution weighted by the 
rate of CR energy injection above the momentum threshold of hadronic CRp-p interactions. The brightness of 
each pixel is determined by the respective weights, i.e. by the energy production density. Most of the energy 
is dissipated in weak shocks which are situated in the internal regions of groups or clusters, while collapsed 
cosmological structures are surrounded by strong external shocks (shown in blue). Since strong shocks are more 
efficient in accelerating CRs, the CR injection rate is more extended than the dissipation rate of thermal energy. 
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Figure 2: Influence of reionisation (at redshift z = 10) on the Mach number statistics of non-radiative cos­
mological simulations. The figure on the left-hand side shows the differential Mach number distribution 
d2ed; .. (a, M)/(d log a d log M) for our simulation with reionisation while the figure on the right-hand side 

shows this distribution for the simulation without reionisation. Strong shocks are effectively suppressed due to 
an increase of the sound velocity after reionisation. 
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Figure 3: Visualization of the pressure contained in CRs relative to the total pressure XcR = PcR/(PcR + P,h) in 
a zoomed simulation of an individual galaxy cluster with mass M = 1014h-1 M0 . The map on the left-hand side 
shows a non-radiative simulation with CRs accelerated at structure formation shock waves while the map on the 
right-hand side is from a simulation with dissipative gas physics including cooling, star formation, supernova 
feedback, and structure formation CRs. The relative CR pressure XcR declines towards a low central value of 
XcR ::e 10-• in the non-radiative simulation due to a c<1mbination of the following effects: CR acceleration is more 
efficient at the peripheral strong accretion shocks compared to weak central flow shocks, adiabatic compression of 
a composite of CRs and thermal gas disfavors the CR pressure relative to the thermal pressure due to the softer 
equation of state of CRs, and CR loss processes are more important at the dense centers. Interestingly, XcR 
reaches high values at the center of the parent halo and each galactic substructure in our radiative simulation 
due to the fast cooling gas which transforms into stars in the densest regions while diminishing thermal pressure 
support relative to that in CRs. This additional CR pressure support has important consequences for the thermal 

gas distribution at cluster centers and alters the resulting Sunyaev-Zel'dovich effect significantly. 
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magnetic resonances between the gyro-motion and waves in the magnetized plasma and are abl� 
to gain energy in moving back and forth through the shock front: what are the cosmological 
implications of such a CR component, and does this influence the cosmic thermal history? (4) 
Simulating realistic CR distributions within galaxy clusters will provide detailed predictions 
for the expected radio synchrotron and 1-ray emission. What are the observational signatures 
of this radiation that is predicted to be observed with the upcoming new generation of 1-ray 
instruments and radio telescopes? 

2 Structure formation shock waves and cosmic rays 

We develop a formalism that is able to measure the shock strength instantaneously during an 
SPH simulation (Pfrommer et al. 2006) . The method is applicable both to non-relativistic 
gas, and to plasmas composed of CRs and thermal gas. We apply our methods to study the 
properties of structure formation shocks in high-resolution hydrodynamic simulations of the 
Lambda cold dark matter (ACDM) model using an extended version of the distributed-memory 
parallel TreeSPH code GADGET-2 (Springe!, 2005) which includes self-consistent CR physics 
(EnBlin et al. (2006) , Jubelgas et al. (2006) ) .  Fig. 1 shows the spatial distribution of structure 
formation shocks in comparison to the density and temperature distribution while Fig. 2 shows 
the cosmological Mach number distribution at different redshifts. 

The main results are as follows. (1 )  Most of the energy is dissipated in weak shocks inter­
nal to collapsed structures while collapsed cosmological structures are surrounded by external 
shocks with much higher Mach numbers, up to M � 1000. Although these external shocks play 
a major role locally, they contribute only a small fraction to the global energy balance of ther­
malization. (2) More energy per logarithmic scale factor and volume is dissipated at later times 
while the mean Mach number decreases with time. This is because of the higher pre-shock gas 
densities within non-linear structures, and the significant increase of the mean shock speed as 
the characteristic halo mass grows with cosmic time. (3) A reionisation epoch at Zreion = 10 sup­
presses efficiently strong shocks at z < Zreion due to the associated increase of the sound speed 
after reionisation. (4) Strong accretion shocks efficiently inject CRs at the cluster boundary. 
This implies that the dynamical importance of shock-injected CRs is comparatively large in the 
low-density, peripheral halo regions, but is less important for the weaker flow shocks occurring in 
central high-density regions of halos. Zoomed simulations of individual galaxy clusters support 
this picture (cf. Fig. 3) . 

3 Conclusions 

We studied the properties of cosmological shock waves using a technique that allows us to 
identify and measure the shock strength on-the-fly during a smoothed particle hydrodynamics 
simulation. Invoking a model for CR acceleration in shock waves, we have carried out the first 
self-consistent hydrodynamical simulations that follows the CR physics self-consistently. The 
resulting pressure distribution of CRs within galaxy clusters matches the required distribution 
of CRs to explain the huge extended radio synchrotron halos of galaxy clusters by the injection 
of relativistic electrons through hadronic interactions of the CR protons with the ambient gas. 
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HOT AND COLD SPOTS IN THE WMAP SKY 

GRAZIANO ROSSI and RAVI K. SHETH 
Department of Physics and Astronomy, University of Pennsylvania, PA 19104, USA 

The Cosmic Microwave Background is a primary tool for determining the global properties, 
content, and history of the universe and for placing important constraints on cosmological 
models. In particular, the Gaussianity of the primordial fluctuations is a basic assumption 
of modern cosmology. In a Gaussian sky, the shape of the correlation function of peaks, 
f;pk-pk(O), depends only on the underlying power spectrum 1 . It is predicted to have a wealth 
of structure, much more than does the correlation function of all pixels, and to depend in a 
precisely quantified way on peak height. We present accurate measurements of both t;,k-pk(O) 
and f;p;x-p;x(O) in the WMAP sky with high signal-to-noise ratio, which provide a stringent 
test of the assumption that the primordial fluctuations were Gaussian. We also investigate 
the corresponding marked correlation functions, and the number density of hotspots. 

1 Data Pipeline 

We use the foreground-cleaned sky maps from the WMAP third-year CMB data for the Wl 
assembly (Legacy Archive for Microwave Background Data Analysis) 2 . Our analysis procedure 
ignores data inside the KpO galactic mask (23.5 % of pixel cut) .  We lower the resolution of 
the HEALPix map to Nside = 256, remove monopole and dipole moments outside the applied 
mask (degraded to the same resolution) ,  and then search for local extrema using HOTSPOT 3 .  
Finally we assign to each extrema its correct HEALPix coordinates and pixel noise according 
to O'(p) = O'o/JNobs (P) , where O'o is the noise dispersion per map. 

2 Number density of peaks 

In a 2D Gaussian random field, the total number of peaks of arbitrary height is: 4 
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where B. = v'2ai/a2 . This number can be readily computed, since: 

2 � (2l + 1) [ 2 ) 2n an = ,t_, --- Cz + aNb..O. l · WwMAP · WHEALPix . 
l 41!' (2) 

A theoretical power spectrum is adopted and the pixel area, noise (see Figure 1) and smoothing 
are consistent with the CME map at the given resolution. The calculation is in good agreement 
with the data. For example (Wl channel) , at Nside = 256 the observed hotspot numerical 
density is npk,calc(-oo) = 6601 sterad-1 , and the predicted one is npk,th(-oo) = 6642 sterad-1 . 

-t.22 ___________ _ 

Figure 1: Noise per pixel distribution at N.;de = 256 for the 3th year WMAP data (Wl channel, KpO mask). The 
temperature scale is logarithmic, in mK units. 

3 Two-point correlation functions: results 

The two-point standard or "unweighted" correlation function e of a discrete distribution is a 
measurement of clustering and can be seen as an excess of, probability of finding a pair at a 
distance (}, compared to a random catalogue. It is defined as 

dP = n[l + e(B)]dO. , (3) 

where dP is the probability of finding a pata point within a solid angle dO. at distance (} from 
another randomly chosen data point. The usual estimator is 

DD(B) 
e(B) = 

RR(B) - 1 , (4) 

where RR(B) and DD(B) are the number of random and data pairs, respectively. The marked 
correlation function differs from the previous one because one weights by some ''mark'' when 
measuring clustering statistics. So, if the usual estimator for the unweighted correlation function 
is (4) , then the weighted correlation function is WW(B)/RR(B), where WW(B) is the number 
of weighted pairs, and the marked statistics is simply WW(B)/ DD(B) . 

We computed the two-point correlation functions and the marked statistics both for peaks 
(Figure 2) and pixels (Figure 3) in the WMAP sky. Theoretical small-angle predictions for the 
hotspots correlations have been quantified by Heavens and Sheth (1999) , where they looked 
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at the point-point correlation function of the locations of maxima above a certain threshold. 
Theoretical formalism for the pixel-pixel correlations is provided in Jensen and Szalay ( 1986) 
and Hernandez-Monteagudo et al. (2004). We extended their technique to account for a more 
rigorous pixel-noise treatment (see Figure 1 ) .  In particular, for the simplified case when the 
pixel-pixel noise u is assumed to be the same, the pixel correlation function is given by: 

l + t  (B) = foo d ( l [l + H-2( / '2) � [C(B)/(C(O) + u2)]2kHik- 1 (v/V2) ] 
(5) 

<,v Jo up u -1 LI v L. t:J 22k (2k) ! ' 

where C(B) = 2::(21 + l)C1P1 (cos B) · WwMAP · WHEALPix/47r, and WwMAP and WHEALPix are 
the WMAP and HEALPix window functions, respectively. For the marked correlation we have 
instead: 

M (B) = J: do1 fv�p(81 , 82)8182dr52 v 
< r5 >2 Iv� dr51 Iv� p(r51, 02)dr52 ' 

where < r5 >= fv� dr5p(8)8/ J� d8p(8) and 8 = T- < T >. 
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Figure 2: (Left panel) Peak-peak correlation functions of the 3th year WMAP hot and cold spots. Different lines 
indicate cold spots, errorbars represent hot spots. Various thresholds are also plotted - as indicated in the figure 
- and the approximate number of hotspots is provided. The KpO mask is applied at a resolution of N,,d, = 256. 
The results are in agreement with the theoretical small-angle predictions presented in Heavens & Sheth (1999). 
(Right panel) Marked correlation functions of the 3th year WMAP hot and cold spots. 

4 Summary and future work: gravitational lensing of the CMB 

We calculated the number density of hotspots from the third year WMAP data and show 
consistency with the theory of 2D Gaussian random fields 4 .  We analyzed both the peak­
peak and pixel-pixel correlation functions and their marked correlations. which appear to be in 
agreement with theoretical predictions 1 .5.5_ 

A future goal is to attempt a detection of the effects of gravitational lensing. While effects 
on lensing on the entire set of WMAP pixels are expected to be negligible, lensing effects on 
peak-peak correlations are expected to be considerably larger. Gravitational lensing changes 
the positions of peaks and modifies their shapes slightly. Correlation between peak height and 
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Figure 3: (Left panel) Pixel-pixel correlation functions of the 3th year WMAP hot pixels. Different thresholds 
are plotted - as indicated in the figure - and the approximate number of hot pixels is provided. Different lines 
represent the theoretical calculation (5) . The KpO mask is applied at a resolution of N,ide = 256. (Right panel) 
Marked correlation function of the WMAP data hot pixels. The solid line is equation (6). 

curvature, expected in purely Gaussian random fields, is modified by lensing. Combination 
of the shape and clustering measurements should allow for a more significant detection of the 
lensing signal. 
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FIRST RESULTS FROM THE SUPER-EXTENDED VERY SMALL ARRAY. 

A. Scaife and the VSA Collaboration 
Cavendish Astrophysics, Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, England. 

'vVe present preliminary observations made with the newly upgraded VSA. We explain the 
details of the upgrade and discuss the current observing program of the telescope. New 
observations made with the super-extended array at high e will allow precise measurement 
of the fourth and subsequent peaks and also enable us to investigate the excess power seen 
at f. > 2000 by the CBI experiment. We present initial S-Z images and predictions for the 
current observing program. 

1 Introduction 

The Very Small Array (VSA) is a fourteen element interferometer. It is located at the Teide 
Observatory in Tenerife. In its current configuration it operates at a frequency of 33 GHz with 
a bandwidth of 1 .5 GHz. Previous configurations of the telescope have been used to measure 
the CMB power spectrum out to C � 1600. In conjunction with its previous results the new 
super-extended configuration the VSA will be able to investigate the form of the power spectrum 
for C � 150- 2500. At high C the fourth and subsequent peaks can be used to break degeneracies 
that exist between cosmological parameters. In addition the VSA will be able to examine the 
excess power seen at C > 2000 by CBI (Readhead et al., 2004) . This power may be due to 
integrated SZ effect from clusters lying along the line of sight. The differences between the CBI 
and VSA instruments and their respective data reduction pipelines will provide an excellent 
basis on which to investigate this effect. 

2 Description of the Super-Extended VSA 

The VSA comprises fourteen antennas mounted on a tilting table to provide elevation tracking. 
Each antenna tracks individually in azimuth allowing fringe rate filtering of noise sources such 
as the Sun and Moon as well as rejection of both groundspill and cross-talk signals. This ability 
enables the telescope to observe during both day and night periods and increases the integration 
time available. Each antenna uses a low noise HEMT front end amplifier fed by a corrugated 
horn feed and parabolic mirror assembly. The new super-ext.ended mirrors have a diameter of 
60cm and are made of carbon-fibre in order to be light enough for the telescope t.o support. 
without major re-engineering. The rigid mirrors are attached to the feed horns using flexible 
aluminium supports. These mirrors are significantly larger than those used in the compact 
and extended configurations in order to improve the flux sensitivity of the array. The maximum 
baseline of the array has also been increased to � 4m to achieve the angular resolution necessary 
for high C measurements. In addition to these changes the front end amplifier on each antenna 
is also being upgraded to further improve the sensitivity of the array. 
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Figure 1: Abell 681 seen by the Super-extended VSA (without radio source subtraction). 

With the improvements to the sensitivity of the main array it has also been necessary 
to improve the sensitivity of the dedicated source subtraction baseline adjacent to the main 
array. This system, comprising two 3.7m antennas, has been broadbanded to 6GHz by fitting a 
correlator of the type used for the AMI telescope (Kneissl et al, 2001) in order to more effectively 
remove contamination from radio sources within the fields under observation. 

3 Preliminary results and current observing scheme 

The first objective of the new array is the observation of medium redshift galaxy clusters using 
the Sunyaev-Zel'dovich effect. Initial results have been promising and include the first SZ 
observations of some lesser studied Abell clusters, eg Figure 1 .  A sample of clusters selected 
from the NORAS catalogue with redshifts of 0.1 < z < 0.15 will be used in conjunction with 
X-ray data, where available, to provide an estimate of Ho and fgas · 

The longer term objectives of the array are the observation of primary anisotropies in the 
CMB. These objectives are two fold: the first is an observing scheme targeting individual point­
ings for long integration times in order to constrain the amount of power found at f. > 2000; 
the second to use mosiaced observations for increased fl.£ resolution and to measure the fourth 
and subsequent acoustic peaks with high temperature sensitivity. A simulation of the predicted 
performance is shown in Figure 2 (Taylor, 2004). One particular objective of these observations 
is to investigate the primordial fluctuation index, offering the possibility of rejecting the ns = 1 ,  
Harrison-Zel'dovich spectrum and allow us  to  determine whether there is any "running" in the 
index. 

As with previous observations at 33 GHz the removal of radio point sources from the field is 
very important. The VSA employs a joint source subtraction strategy with the Ryle telescope 
in Cambridge (Waldram et al. 2003) .  The improved sensitivity of the array has necessitated a 
deeper survey with the Ryle of those fields under observation. This survey is then used to make 
pointed observations of contaminant sources using the VSA's own source subtraction baseline 
at 33 GHz. 

The current status of the telescope sees the first of these long term objectives already un­
derway. 
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Figure 2: Prediction of super-extended VSA results after 18 months of obser\<ations. Right: 3 deep field observa­
tions. Left:  three 19-field mosaics for fine Ai resolution. Points are uncorrelated with each other and error bars 

are 1 - er; at low £ errors are dominated by sample variance and at high £ by receiver noise. 

4 Summary 

The VSA in its previous configurations has measured the CMB power spectrum from £ = 150 -
1600. Its previous results have been in good agreement with those of other CMB experiments. 
The current observing program will measure the fourth and subsequent acoustic peaks with 
good signal-to-noise and will be useful in breaking existing degeneracies between cosmological 
parameters. Its measurements of the power at £ > 2000 will also investigate the contribution 
from the integrated SZ effect of clusters along the line of sight. The upgraded VSA will provide 
good sensitivity and angular resolution whilst at the same time maintaining its excellent rejection 
of systematics. 
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THE LYMAN-a FOREST, WMAP YEAR THREE AND WARM DARK 
MATTER 

Matteo Viel1 •2 
1 Institute of Astronomy, Madingley Road, CB3 OHA Cambridge, UK 

2 INAF-Osservatorio Astronomico di Trieste, via G.B. Tiepolo 1 1, I-34131 Trieste, Italy 

I present constraints on cosmological parameters and on the mass of a warm dark matter par­
ticle combining Cosmic Microwave Background data, the galaxy power spectrum and Lyman­
<> forest quasar samples. 

1 Introduction 

The Lyman-a forest, the absorption of neutral hydrogen along the line-of-sight to distant quasars, 
is a powerful cosmological tool. Measurements of the matter power spectrum from Lyman­
a forest data extend to smaller scales (� 3 - 80 comoving Mpc) and probe a redshift range 
(z = 2 - 4) complementary to estimates of the matter power spectrum from Cosmic Microwave 
Background (CMB), galaxy surveys or weak gravitational lensing observations. Here, I will 
review some of the {recent) most important results that have been achieved when combining 
the Lyman-a forest data sets available with larger scale measurements in order to constraint 
cosmological parameters and the mass of a warm dark matter particle. In particular, I will focus 
on the inferred amplitude of the matter power spectrum, as, and I will exploit the capabilities 
of the SDSS quasar (QSO) data set in constraining the mass of the sterile neutrino. 

2 Cosmological Parameters 

We rely on two different QSO data sets: the SDSS Lyman-a forest data of McDonald et al. 
{2006) , which consist of 3035 quasar spectra with low resolution (R � 2000) and low signal-to­
noise (� 10 per pixel) spanning a wide range of redshifts (z = 2.2 - 4.2) ; the LUQAS and C02 
samples used in Viel, Haehnelt & Springe! {2004) , which contain mainly high resolution, high 
signal-to-noise spectra at z � 2.5 {VHS). 

We use the CosmoMC code 6 to perform the parameter estimation (we assume the Universe 
to be flat and that there is no tensor or neutrino contribution). In the left panel of Figure 
1, we show the 1 and 2-a constraints in the as - n8 plane that have been obtained from: the 
VHS sample (cyan light contours) ; the SDSS sample 7 {dark blue contours) ;  the WMAP3 results 
recently obtained by Spergel et al. (2006) {light green contours) ; the joint WMAP3+ VHS analysis 
(white empty contours) and the joint WMAP3+SDSS analysis {dark blue empty contours) .  

The main points can be summarized as follow: i)  the Lyman-a forest can constrain the 
amplitude and slope of the power spectrum but these constraints are more useful if combined 
with other observables; ii) the high resolution VHS data set at z � 2.5 is in agreement with the 
new WMAP3 data, even though it has lost its constraining power and its only effect is to shift 

120 



Table 1 :  Summary of the constraints on a8 and n, for the VHS and SDSS samples. SDSS-d refers to the analysis 
of SDSS data by Viel& Haehnelt (2006). The quoted errors are the 683 confidence limits. 

WMAP3 WMAP3+VHS \VMAP3+SDSS WMAP3+SDSS-d WMAP3+EXT+SDSS-d WMAP3+EXT+soss. 
0.76 ± 0.05 0.78 ± 0.05 0.86 ± 0.03 0.80 ± 0.04 
0.96 ± 0.02 0.96 ± 0.02 0.96 ± 0.02 0.96 ± 0.01 

0.78 ± 0.03 
0.96 ± 0.01 

0.80 ± 0.04 
0.96 ± 0.02 

-0.002 ± 0.01 

up the best fit WMAP3 only power spectrum amplitude; iii) the inferred SDSS+ WMAP3 power 
spectrum amplitude is 2a off the WMAP3 only estimate, thus the two data sets are marginally 
consistent 14•21 . 

We carried on our independent analysis of the SDSS data set by performing Taylor expansion 
of the flux power with respect to astrophysical and cosmological parameters using a coarse grid 
of high-resolution large box size hydrodynamical simulations 16•19 (we label this method as SDSSc 
d). In the right panel of Figure 1 (note the different axis range) ,  we show the combined analysis 
of SDSS-d and WMAP3 and SDSS-d+WMAP3+other experiments: VSA3 ,  CBI 1 1 , ACBAR5 
and the 2dF galaxy power spectrum 10. We note that SDSS-d (thick dash-dotted black line) is in 
better agreement with WMAP3 than SDSS and if we include the other experiments (thin dashed 
line) the constraints become tighter. The useful numbers are summarized in Table 1. The value 
of the spectral index of the joint analysis is in perfect agreement with the value of WMAP3 
only. Note that the inferred value of the running, nrun = -0.002 ± 0.015 at k = 0.002 Mpc-1 , 
with the SDSS-d analysis is larger than that of Seljak et al. (2006b) , nrun = -0.02 ± 0.012, and 
perfectly consistent with zero. 

The Lyman-a forest data appears to be in reasonable agreement with the CMB and other 
data sets which probe the matter power spectrum at larger scales. A discrepancy still remains 
with the SDSS data set and the inferred power spectrum of McDonald et al. (2005) that seems 
to suggest more power at the forest scales, when compared to larger scales experiments. For the 
near future further progress is likely to be driven by a better understanding of the systematic 
theoretical uncertainties, rather than the compilation of larger data sets 7•20 . 

3 Warm Dark Matter 

Warm dark matter (WDM) has been advocated in order to solve some apparent problems of 
standard cold dark matter (CDM) scenarios at small scales, namely: the excess of galactic 
satellites, the cuspy and high density of galactic cores, the large number of galaxies filling voids. 
All these problems would be alleviated if the dark matter (DM) is made of warm particles, whose 
effect would be to suppress structures below the Mpc scale. Thus, the Lyman-a forest is an ideal 
tool to constraint WDM models. We perform high-resolution hydrodynamical simulations in a 
WDM scenario and compute the flux power as a function of particle mass, we implement this 
in the framework of the SDSS-d analysis described in the previous section. 

Viel et al. (2005) used the L UQAS sample of high resolution quasar absorption spectra to set 
a lower limit of 2 ke V for the sterile neutrino mass. More recently, exploiting the small statistical 
errors and the large redshift range of the SDSS Lyman-a forest data, Seljak et al. (2006a) found 
a lower limit of 14 keV. If the latter result is correct, a large fraction of the sterile neutrino 
parameter space can be ruled out (assuming that all the DM is made of sterile neutrinos) ;  
together with constraints from X-ray fluxes, this rules out the possibility that DM consists of 
sterile neutrinos, unless they are produced by resonant oscillations caused by a large leptonic 
asymmetry in the early Universe (see Abazajian & Koushiappas 2006 and all the references 
therein) . 
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Figure 1 :  1 and 2a likelihoods for as and n, marginalized over all other parameters. Left panel: Constraints are 
for WMAP3 only (green), the LUQAS+Croft data sets as analysed by VHS (cyan) and the SDSS Lyman-a forest 
data of M05 (blue). The thick dashed white empty contours refer to WMAP3 + VHS, while the solid blue 
contours are for WMAP3 + SDSS. Right panel: Combined analysis with the SDSS-d method adding smaller scale 

CMB data sets and the 2dF galaxy power spectrum (Note the different range plotted). 

We combine WMAP3, 2dF, CBI, ACBAR and VSA with the SDSS flux power measurements, 
even though it is basically this last one that constrains the parameter m8• In the left panel of 
Figure 2 we show the I-dimensional marginalized likelihoods for {1  keV)/m., with m8 the sterile 
neutrino mass, for several redshift ranges. The 2cr lower limits for the sterile neutrino mass 
are: 3.9, 8 .1 ,  10.3 keV for z $ 3.2, 3.6, 4.2, respectively (i.e. we use only the SDSS flux power 
in this redshift range) . The corresponding limits for an early decoupled thermal relic are: 0.9, 
1.6, 1 .9 keV. Also shown (continuous black line) is the constraint obtained by Viel et al. {2005) 
using the LUQAS and C02 samples 2•4•17•22 • The SDSS data improve the constraint from the 
high resolution data at z � 2.5 by a factor 5. This is mainly due to the extension of the 
SDSS data to higher redshift where the flux power spectrum is most sensitive to the effect of 
WDM. The smaller statistical errors of the flux power spectrum and the coverage of a substantial 
range in redshift help to break some of the degeneracies between astrophysical and cosmological 
parameters and also contribute to the improvement. In the right panel of Figure 2 ,  we show 
the constraints for the spectral index n8 and the mass of the sterile neutrino. The error bars 
get smaller by a factor almost 2 (3) if we include all the data compared to including z $ 3.6 
(z $ 3.2). 

If we combine this bound with the constraint derived from X-ray flux observations in the 
Coma cluster periphery, we find that the only allowed sterile neutrino mass is � 10 keV (in 
the standard production scenario with non-resonant neutrino oscillations) .  Adding constraints 
based on X-ray fluxes from the Andromeda galaxy or the Milky Way, we find that dark matter 
particles cannot be sterile neutrinos, unless the latter are produced by resonant oscillations. 
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EARLY SCIENCE WITH AMI 

JONATHAN T. L. ZWART 
Astrophysics Group, Cavendish Laboratory, J. J. Thomson Avenue, 

Cambridge, CB3 OHE, England 

AMI, an instrument for detecting clusters of galaxies via the Sunyaev-Zel'dovich effect, has 
recently begun observing. I outline AMl's observing strategy and present some of AMl's first 
observations of clusters. 

1 Searches for Galaxy Clusters 

The fundamental importance of detecting the population, and characterizing the properties, 
of clusters of galaxies, in particular out to high redshift , is widely appreciated. However, the 
classical methods of finding clusters, via their emission (in the optical, infra-red and in X-rays) , 
suffer from intensity diminution as ( 1  + z)4 and from confusion and biases to concentration. 

It has long been advocated1,2•3 that the way round these problems is to survey for clusters in 
the Sunyaev-Zel'dovich4,5,5 (SZ) effect, that is, the change of the temperature of the CMB in the 
direction of the cluster by inverse-Compton scattering of the CMB by the cluster plasma. SZ 
observations have been made routinely with the OVRO /BIMA array and the Ryle Telescope'! 
(RT) since the early 1990s. Yet even these particular radio interferometers are not optimal for 
SZ work-their shortest baselines are too long and so resolve out most of a cluster's SZ signal 
(Figure l (a)) .  It is important to have a telescope whose synthesized beam is matched to the 
size of a typical cluster. There is a need for dedicated cluster survey instruments, such as ACT, 
AMI10, AMiBA11 ,  SPT12 or SZA13 . All except ACT and SPT are interferometers, with the 
advantage over the (higher bandwidth) bolometers that they in practice reject contaminating 
primordial CMB anisotropies below a particular /!..  

2 Detecting Galaxy Clusters with AMI 

The design and commissioning of AMI, which comprises a Small Array (SA) and a source-­
subtracting Large Array (LA) , are described elsewhere in these proceedings14• One of AMI's 
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main science goals is to measure the comoving number density of clusters as a function of cosmic 
epoch, N(m, z), with different and fewer biasing effects than other methods. AMI's selection 
function has only a weak dependence on redshift. Targeted observations of clusters will enable us 
to improve our understanding of cluster physics. One will also be able to constrain cosmological 
parameters-for example, SZ observations, when combined with X-ray information, potentially 
allow direct measurement of q0-as well as examining the CMB power spectrum at angular 
scales £ ;:::: 3000. Once clusters have been detected via the SZ effect, follow-up with optical and 
infra-red observations15 will allow us to measure their redshifts and hence N(m, z). 

3 Observing Strategy 

This is as follows: 

• Early Targets-pointed observations of known clusters before the LA is operational. These 
targets must have favourable radio environments. One requires that the confusion noise-­
a function of the limiting flux of the source subtracter, the LA-is much less than the 
thermal noise on the SZ decrement. The limiting flux depends on the integration time. 
There is an uncertainty in the confusion noise given the unknown faint source population16 . 
The early target observations will permit calibration of the cluster scaling relations in time 
for the first AMI surveys. 

• First Blind Surveys-observations of 10 � 1 deg2 AMI fields, free of known clusters, bright 
radio sources and bright stars, are due to begin15. 

• More Blind Surveys-two surveys exploring different regions of the cluster density function: 
one wide and shallow (six months over 100 deg2) ,  yielding massive lower redshift clusters; 
and one narrow and deep (one year over 10 deg2) ,  yielding lower mass, higher redshift 
clusters. 

• Surveys of Equatorial Fields-with North-South baselines, it will be possible to survey 
the XMM Large Scale Structure Survey regions and other multi-wavelength deep fields. 
We hope to understand the selection function of different cluster-finding methods and also 
cluster scaling relations; a joint analysis will further provide information on cluster physics. 

4 Selection of Early Cluster Targets 

It is essential for AMI to observe known X-ray- and optically-selected clusters, with their widely 
available data in these other wavebands, in order to calibrate the scaling relations (L - T, L - M 
and so on) before a blind SZ survey. There are three main sub-samples of first targets: 

• NORAS: we made cuts to the NORAS17 catalogue (Lx > 7 x 1044ergs-1 , z > 0.1 ,  i5 > 30°) 
leaving 1 7  clusters. Combining with archive X-ray data will yield f9 and Ho at low redshift. 

• MACS: we selected the 15 brightest (Lx > 1045ergs-1 ) and highest redshift (z > 0.3) 
clusters from the Massive Cluster Survey (MACS18) .  Comparison of the MACS and 
NORAS sub-samples will measure the evolution of the scaling relations with redshift. 
We will jointly analyse SZ and X-ray data to measure f9(z) and qo. 

• High-redshift: we included in our sample the increasing number of high-redshift clusters 
as they were reported in the literature. 
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In 2004, we began to survey these clusters for point sources using the RT. By June 2006, when 
the RT was switched off, we had reduced the original list of around 80 clusters to a sample of 
31 that was free from the brightest 15-GHz sources and therefore more favourable for SZ work. 
Those sources cut from the sample at this stage will become candidates again once the LA is 
observing. 

5 Observations of Early Cluster Targets 

AMI began observing,19 known clusters in August 2005. Using only seven out of the 10 SA 
antennas, and six out of eight frequency sub-channels, we detected Abell 1914 at l 7a- in just 34 
hours (Figure 1). The integrated flux density of -8.6 ± 0.5 mJy was consistent with a simple 
X-ray-derived model for the intracluster gas. Eighteen point sources, detected by the RT and 
the longer baselines of the SA, were subtracted. This indicates a clear need for our LA source 
subtraction strategy. We further found that the spectrum of the decrement in Al914 measured 
by AMI was consistent with an SZ spectrum (Figure l (d) ) .  Figures 2(a) and 2 (b) respectively 
show AMI detections of NORAS and MACS clusters. 
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(a) A 228-hour observation with the 
RT (after source subtraction) 

(c) 34 hours with A?\11-SA (short baselines, 
after source subt raction) 

(b) AMI-SA long baseline map (before 
source subtraction) 

Spectrum of SZ effect in A 1914 

I 2 � A.O 

I 
Channel Cenue Frequet1ty (GHt) 

(d) Spectrum of SZ effect in A HJ14, con­
strain('d to pass through the 13.87'>-GHz 
point 

Figure 1: Abell 1914 measured with the RT and AMI-SA 



(a) A 10-hour observation of Abell 263 at z = (b) 8 hours at the z = 0.545 cluster MACS 
0.3 (Natasha Hurley-Walker) 0717+37 

Figure 2: AMI detections of optical- and X-ray-selected clusters 
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D-BRANE AS A MODEL FOR COSMOLOGICAL DARK ENERGY 

I.Ya. AREF'EVA 
Department of Theoretical Physics, Steklov Mathematical Institute of Russian Academy of Sciences, 

Gubkin st. , 8, 119991, Moscow, Russia 

Results of study of the dark energy model derived from the Cubic Superstring Field Theory 
(CSSFT) describing the non-BPS brane decay are presented. In this model the acceleration 
of the Universe is driven by a nonlocal stringy Higgs mechanism. Near the origin of time the 
model has phantom behaviour and then appears a periodic crossing of the w = -1 barrier. 

1 Introduction 

Recent results of WMAP 1 together with Ia supernovae data give a strong support that the 
present time DE state parameter is close to -1 :  w = -0.97:�:� :�� , or without an a priori as­
sumption that the Universe is flat and together with large-scale structure and supernovae data 
w = -1 .06:'.:� :�� - From a theoretical point of view the domain of w covers three essentially 
different cases. The first case, w > -1 ,  is achieved in quintessence models containing an extra 
light scalar field which is not in the Standard Model set of fields. The second case, w = -1 ,  
is the cosmological constant. The third case, w < -1 ,  i s  called a "phantom" oni:f and can be 
realized by a scalar field with a ghost (phantom) kinetic term. In this case all natural energy 
conditions are violated and there are problems of an instability at classical and quantum levels. 
Since experimental data do not contradict with a possibility w < - 1  a study of such models 
attracts a lot of attention and some of these attempts are presented at this conference (more 
references can be found in 3•6 ) .  

A possible way to evade the instability problem for models with w < - 1  is  to  yield a phantom 
model as an effective one, arising from a more fundamental theory without a negative kinetic 
term. In this talk we present results of study of a cosmological SFT tachyon model 3,4,5,5. The 
model is based on SFT formulation of a fermionic NSR string with the GSO- sector 7• In this 
model a scalar field is the open string tachyon, which describes according to the Sen conjecture8 
a dynamical transition of a non-BPS D-brane to a stable vacuum (see 9 for review) . This stable 
string theory is supposed to be described by a VSFT (a Vacuum String Field Theory}.  The 
model that we are going to present is an approximation to VSFT. VSFT is stable and one has 
to discuss only an application of the used approximation to a full string theory to particular 
physical problems. 

2 Model 

Our model is given by the following action 

J ( R 1 ( ea' 1 1 ) )  S = ·  d4xFg 2,,_2 + >.� --2-gµ118µ¢(x)811¢(x) + 2¢2 (x) - 4<P4 (x) - T  (1 )  
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9 is the metric, "' is a gravitational coupling constant, </> is a tachyon field. The model ( 1) is 
supposed to describe a D3 non-BPS brane embedded in the IO-dimensional space time and it is 
obtained via dimensional reduction of the IO-dimensional CSST (more precisely the fermionic 
NSR string with the GSO- sector) tachyon action, 

1 v6Mf ( M,
)6 d "' <Lo "' 2 = -- - an "' = e s  • 'f', 

>-4 9o Mc 
where - 1 

a /--;: µva 09 - = µ v -99 v , 
y -9 

T is a tension of the D3-brane, a' is the string tension related with a characteristic string scale 
Ms =  l/H, 90 is the open string dimensionless coupling constant, Mc is a characteristic scale 
of the compactification, V5 is a volume of the 6-dimensional compact Space and e ::::; 0.9556 is a 
constant dictated by CSSFT. 

In the spatially flat FRW metric with a scale factor a (t) and space homogenous tachyon field 
Friedmann equations in terms of a dimensionless time t --7 tH have the form 3 

(2) 

where 

(3) 

and <P = e!v<f;, 1J = -al - 3H(t)at . H = a/a is the Hubble parameter and the dot denotes 
the time derivative. The equation of motion for the tachyon is 

(4) 

Equations (2)-(4) are complicated because of the presence of an infinite number of derivatives 
and a non-flat metric. See 15 for a model originated from the bosonic string. 

3 Rolling Tachyon in the flat background 

Equation of motion (4) in the flat background is 

I ' &2 (-ea; + 1) e< t <P(t) = <P(t)3 . (5) 

where <P = e- !8l <f;. This equation and analogous equations for a cubic bosonic string action 
have been already studied in IO,ll ,l2,13 .  If one ignores the factor e-!&l in the R.H.S .  of (5) one 
equation tachyon in the usual Higgs potential. It has two minima located at <Po = ±1 .  The 
operator e•8l on smooth functions for positive s can be rewritten in an integral form and this 
allows to rewrite this equation in the form 

I dt'C(t - t')<P(t') = <P(t)3 , (6) 

Using an iteration procedure a numeric solution of the boundary problem <P(±oo) = ±1 has 
been found 1 1 .  On Fig. 1 A. we present this solution11 (it is valid for e2 < �er ::::; 1 .38) . 

The tachyon field </> (a dull line interpolating between ±1 on Fig.LA) starts from t = 0 with 
a non-zero velocity (a line with maximum near at zero presents ¢) ,  rolls down to the minimum of 
the tachyon potential and eventually stops in the minimum. <P has a similar behaviour (a bright 
line on Fig. LA) . For e2 # 0 and e2 < e�r there are damping fluctuations near the minimum (for 
e = 0 there are no fluctuations) . 
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To make our consideration more transparent let us remind behavior of the energy and the 
pressure in the fiat case13. We see from (2) that the non-local energy E2 plays the role of an extra 
kinetic term. It is very instructive to write E2 in the form E2 = -K[<I>]� .  When .IC[<I>] > e the 
model has a ghost like total kinetic term. Numerical calculations show that for q2 = 0 the values 
of .IC[<I>] are always positive, see Fig.LB. Therefore the model has phantom behaviour during all 

2 • 
time of evolution. For the case e = 0.96 (string case) the effective kinetic energy y</i + E2 for 

0 . 15 
0 . 1  
0 . 1  

Figure 1 :  A .  Solution t o  eq.(5); BX(.P](t) fo r  q2 = O ;  C .  The effective kinetic energy £2 + �J,2 for q2 = 0.96 

the solution Fig.LA is presented on Fig.LC. We see that the model for small time has phantom 
behavior but it has not the phantom behaviour always. This change occurs when <I> is closed to 
±1  and here one can use the linear approximation 6 . 

The main conclusion from these examples is that non-local operator e8l changes drastically 
the evolution of the system. Without the usual kinetic term in the L.H.S. of equation (5) the 
late time behavior of the tachyon is just stopping with monotonically decreasing velocity in the 
minimum of the potentiaL This is a property of a phantom and the above analysis justifies 
the phantom approximation used in 3,4 , The usual kinetic term in the L.H.S. of equation (5) 
accelerates the field but for actual e the phantom character reveals and the tachyon eventually 
stops in the minimum. 

4 Rolling Tachyon in the FRW Universe 

The above consideration indicates that in the non-fiat case one can use two approximations: a 
phantom approximation and a linearization. It is natural to expect that the first one works for a 
small time and the second for a later time. For the rolling in the fiat case the value of T is note 
essential, but from the Sen conjecture it is equal to 1/4 (this corresponds to zero cosmological 
constant in the non-perturbative vacuum ¢ = ±1). In the non-fiat case the D3-brane tension 
should be shifte& to be T = 1/4 + A  and A is found from an requirement of existence of a 
rolling solution. To make this proposal more transparent it is worth to consider a model with 
dynamical A such that it does not disturb the form of the Higgs potential. Such model has been 
proposed in 4 ,  see also 5 and 16 . 

4 -1 Phantom Approximation 

In the phantom approximation we have 

3H2 = �� (-�¢2 + V(¢)) . (7) 

where m� = >..�M'i/"'2 and we make a rescaling of time t -+  tJ[< K(¢) > -�2] ,  < K(¢) > is an 
average of K(¢) at a first stage of evolution. For a special potential 4 
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the solution to (7) is ¢(t) = tanh(t), H = �(¢ - !¢3) .  For this model Ho :::; H(oo) = 1/3m�. 
Assuming that Mc and Ms are two different parameters and ignoring all factors of order 1, 
as well as the coupling constant and v5 we get for the Hubble parameter in the real time 
Ho � Ms/m� � Ms %4(*-)6• Assuming that Mc � Mp we get Ho � Mp(%'-)9. An assumption 

p c p 
Ms � 10-6·6 Mp gives H � 10-60 Mp. 

4.2 A Late time Linearization 

The linearization ¢ = 1 + 'I/;  of (4) has the form 

where 

2 ,,.2 (e · 2 1 2 3 2 ) 3H = .>-� 27/; - 27/; + 2 '11 + £1 + £2 + T , 

3
1

1 1 � 1 � 3
1

1 
1 � 1 � 

£1 = -- dsess'-'\l!Ve-ss'-''11 , £2 = - - ds8tes•'-'w81e-s•'-'w 8 0 8 0 
and T = -!  + A0• The equation of motion for 'I/; (4) is 

Assuming that H :::; Ho = f. /Ii- and keeping only the the decreasing solution we get 

(Sa) 

(9) 

- 3 
J

9H2 '11 = Ae-rt sin(Dt+cp) where f+iD = 2Ho+ -f + m2, m = r+iv, r :::; 1 . 1365, v :::; 1 .7051 

and corrections to the Hubble parameter is H = f. /Ii- - �CHe-2rt sin( Wt + 'PH), see 6 for 
more details. 
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00758, INTAS grant 03-51-6346 and Russian President's grant NSh-2052.2003 .1 .  
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ASTROPHYSICAL SIGNATURES OF LIGHT DARK MATTER 

Y. ASCASIBAR 
Astrophysikalisches Institut Potsdam 

An der Sternwarte 16, Potsdam 14482, Germany 

According to the current paradigm, most of the matter in the Universe is thought to be in 
the form of so-called dark matter, such a misleading name meaning that it does not emit 
nor absorb light. There is at present no idea of what dark matter particles may be, or, 
more precisely, there are plenty of ideas out there. This short contribution focuses on Light 
Dark Matter (LDM) particles, but many of the issues discussed here would also apply to 
other dark matter candidates. The bottom line is that dark matter particles may not directly 
interact with light or baryons, but they may decay or annihilate into "daily stuff" such as 
photons, electrons or positrons, and these do certainly yield an indirect signature which, in 
principle, could be detected with present-day technology. In particular, the LDM scenario 
makes several predictions on both particle and cosmological scales that, intriguingly, seem to 
be at least marginally consistent with current experimental and observational data. 

1 Not so dark matter 

Beyond its existence (and even that is sometimes called into question) , very little is known about 
the nature of dark matter particles and their physical properties. Perhaps the first and most 
basic parameter is their mass, mctm, which determines to a great extent how they could interact 
amongst themselves, as well as with visible matter. 

Weakly Interacting Massive Particles (WIMPs) are nowadays one of the most popular dark 
matter candidates. They are considerably heavier than ordinary particles ( mctrn > 1 Ge V) , and 
therefore provide an excellent candidate for Cold (i.e. non-relativistic) Dark Matter (CDM). 

On the other extreme of the spectrum, the mass of Warm Dark Matter (WDM) particles 
is just of the order of a few keV. These candidates are mildly relativistic (their kinetic energy 
is comparable to their rest mass) ,  and therefore they tend to erase small-scale perturbations 
of the primordial density field. For mctm = 1 keV and flctm = 0.25, the free-streaming length 
would be about 300 kpc, quite comparable to galactic scales. Actually, it is indeed controversial 
whether the WDM scenario would be compatible with both the recent WMAP results and with 
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measurements of the matter power spectrum on small scales. Lighter, fully relativistic particles 
such as Hot Dark Matter (HDM) have even larger free-streaming lengths, and are thus well 
known not to constitute a significant fraction of the total matter density. 

Light Dark Matter, with a mass mdm � MeV, would also be non-relativistic, and therefore 
it would not have any noticeable influence on the power spectrum. What makes it interesting is 
that it may decay 1 or annihilate 2, producing electron-positron pairs and gamma-ray photons. 

In very general terms, these processes can be written as 

dm --+ something (1 )  

and 
dmA + dmB --+ something (2) 

In the first case, a dark matter particle (whatever its mass) decays into something that can hit 
a detector, while in the second, a dark matter particle of type A interacts with another of type 
B (which may be equal to A or not) .  The number of somethings produced per unit time per 
unit volume would be given by 

ii ex ndmI' decay ex Pdm (3) 

and 
(4) 

respectively. The constants r decay and (av) represent the decay rate and the thermal average of 
the interaction cross-section. As far as we are concerned, these quantities may be regarded as 
free parameters (actually, normalization constants) that relate the dark matter density to the 
emissivity. Therefore, we can obtain theoretical predictions of the expected flux at the Earth by 
specifying the density of the Milky Way dark matter halo and the physical properties of the dark 
matter particle. Or, on the other hand, one may use the (non) observed emission to constrain 
both components. 

2 Reality 

Compatibility with current (non) detections is indeed an obvious requirement for any dark matter 
candidate. The LDM scenario was actually built to be "invisible" , in the sense that special care 
was taken to explain why such low-mass particles (or the mediators of their interactions) had not 
been detected in particle accelerators 2. On the other hand, their decay or annihilation should 
not produce more gamma rays than observed from the galactic centre (see Section 4 below).  

These requirements impose some constraints, more precisely upper or lower limits, on the 
model parameters. However, much more interesting results are obtained for the positive predic­
tions, i.e. effects that should be detected if the model was true. 

First, if these particles are to account for the cosmic dark matter, they must exactly satisfy 
the relic density criterion, i.e. !1dm � 0.25. This is not an upper or lower limit, but a very 
precise constraint that effectively reduces the number of free parameters by one. 

Second, LDM particles have also been proposed to explain the positron excess detected at 
the centre of the Milky Way3 .  As will be shown below, reproducing both the observed intensity 
and morphology of the electron-positron annihilation line places strong constraints on the nature 
of LDM particles and their possible interactions 4. 

Finally, the LDM scenario has also made several predictions on particle physics scales. In 
particular, the existence of new mediating bosons would affect the neutrino-quark cross-section, 
while mediating fermions would change the ratio between the anomalous magnetic moments of 
the electron and the muon. These effects might contribute to the so-called N uTe V anomaly and 
the discrepancy between different estimates of the fine structure constant, respectively 5. It is 
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interesting to note that the model was not intentionally built to explain either phenomenon, and 
therefore both cases should be regarded as genuine predictions, made before the outcome of the 
experiment was known. ' 

3 The 511  keV line 

Perhaps the best-known success story of the LDM scenario is nevertheless the explanation of the 
511  keV line from the galactic centre. This line was detected three decades ago, and it was soon 
identified with the annihilation of electron-positron pairs at rest. However, its recent observation 
by the SPI spectrometer onboard the INTEGRAL satellite revealed an extended morphology, 
which could be fairly well described by a Gaussian with � 10 degrees full-width half-maximum 
over the sky. Astrophysical sources could actually provide the number of positrons required to 
explain the observed intensity of the line, but they certainly have a hard time when it comes to 
the morphology 6 .  

· 

LDM is an admitedly exotic alternative, but it provides a simple and elegant explanation. 
Furthermore, if the observed emission is indeed due to dark matter-generated positrons, it 
would put extremely srtringent constraints on both the density profile of the Milky Way and 
the physical properties of LDM particles. 

A thorough comaprison with INTEGRAL/SPI data 4 shows that LDM particles should be 
self-annihilating rather than decaying. The required cross-section implies that, in order to satisfy 
the relic density criterion, both bosonic and fermionic mediators must exist. The LDM particle 
itself should be bosonic. 

On the other hand, assuming that LDM is entirely responsible for the emission would imply 
that that the intensity of the 51 1  keV line would accurately map the density of the galactic dark 
matter halo. In particular, it would provide a very sensitive probe of the inner logarithmic slope 
of the density profile. For the best-fitting model, 7 = 1 .03 ± 0.04, which is in excellent agreement 
with the result expected from cosmological numerical simulations. It must be said, though, that 
such a tiny error budget does not include the (obviously much larger) systematic error arising 
from several simplifying assumptions underlying the estimate, such as spherical symmetry or 
local annihilation. 

4 Gamma rays 

The particle mass mdm is not tightly constrained but the 51 1  keV data alone. However, an 
upper limit can be obtained by demanding that the emission of gamma ray photons is below 
current observational limits. 

Initially, two dark matter particles annihilate into an electron-positron pair. These particles 
will rapidly loose their energy and the positrons would eventually annihilate almost at rest with 
ambient electrons, yielding the 51 1  keV line. Gamma rays are emitted by the initially relativistic 
particles (E � mctmc2) by means of several physical mechanisms. 

The actual amount of radiation thus emitted is at present a rather controversial issue. While 
some authors 7 find mdm < 20 MeV (or even mdm < 3 MeV when in-flight annihilation is taken 
into account 8 ) in order not to overproduce gamma rays, some others4 find the more conservative 
limit mdm < [30 - 100] MeV. The final result turns out to be fairly sensitive to the details of 
the emission mechanisms 9, and most importantly to the precise way in which the theoretical 
prediction is compared to the observational data. 
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5 Heat from cold dark matter 

However, not all the energy of the electron-positron pair is radiated away in gamma-ray photons. 
Some fraction of it (which depends on the local conditions) is transferred to the surrounding 
baryonic gas. 

On cosmic scales, the redshifted 511 keV line has been suggested to contribute to the diffuse 
soft gamma-ray background lO, l l . Several authors have also considered the effect of gas heating 
on the cosmic microwave background, as well as on the thermal history of the Universe 12•13

. 

On the scale of individual objects, annihilating LDM would effectively act as a "cosmic 
heater" at the centre of every dark matter halo, providing an energy source that is completely 
independent from (and perhaps larger than) feedback from star formation. This might have only 
a moderate effect in our Galaxy, but it can be dramatic in very small systems at high redshift 
(where it can inhibit gas cooling by ionizing it) or in galaxy clusters, where the dynamical time 
is shorter than the cooling time and therefore the gas must flow towards the centre (where the 
heating is dominant) as it cools. Simple energy arguments 14 show that the heat injected by 
annihilating dark matter particles into the baryonic gas phase would play a significant role on 
galaxy formation and evolution for 1 MeV < mdm < 4 GeV. 

6 Conclusions 

The moral of this short story is twofold. First, an annihilating dark matter particle with mdm � 
10 MeV is so far perfectly compatible with all experimental evidence available, be it accelerator 
constraints, the relic dark matter density of the Universe, or the maximum gamma-ray radiation 
from the galactic centre. Most intriguingly, it is also compatible with several observations that 
are not so easily accomodated within the standard picture (at least, not without a considerable 
degree of fine-tuning), such as the morphology of the galactic 511 keV line, the NuTeV anomaly 
or the value of the anomalous magnetic moment of the muon. None of these results would 
actually require the existence of LDM particles, but it is somewhat surprising that none of them 
(not even in combination) are able to rule it out either. 

Second, and more generally, it is now widely accepted that dark matter plays a crucial role 
in the formation of galaxies and cosmic structures. Here it is suggested that its influence might 
go well beyond gravitation. In particular, it can decay and annihilate into electrons, positrons, 
photons, or even more visible stuff if mdm is large enough (although, as a rule of thumb, heavier 
.candidates tend to be more "invisible" ) .  Some of the signatures may be difficult to detect, but 
some others may be as obvious as determining whether a galaxy can form stars or not. 
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CAN WE FURTHER CONSTRAIN THE AXION? 

!IL BELTRAN, J.  GARCIA-BELLIDO 
Departamento de Fisica Te6rica C-XI, Universidad Aut6noma de Madrid, 

Cantoblanco, 28049 Madrid, Spain 

In this work we update the constraints on the QCD axion mass if the dominant production 
mechanism was via the coherent oscillations of the axion field around the minimum of its 
potential or via misalignment angle. We study the diffusion of the phase of the massles axion 
field during the de Sitter phase of the Universe and find that for some inflationary models, 
the distribution of the initial misalignement angle can populate all the available range [-rr, rr]. 
This fact has strong implications for the axionic relic density and isocurvature perturbations. 
Together with CMB, LSS and SNae observations we find tight constraints for the possible 
values of the mass of the QCD axion. 

1 Introduction 

For decades particle physicists have wondered why the QCD sector of the Standard Model does 
not violate the CP symmetry. This issue has been called the Strong GP problem. One of the most 
elegant solutions to this enigma was proposed in 1 977 by R. Peccei and H. Quinrf and consists 
of making e a dynamical variable that would naturally go to zero in order to minimize its 
potential energy. In order to achieve this, a global chiral U(l )PQ symmetry, namely the Peccei­
Quinn symmetry, needs to be spontaneously broken at an unknown energy scale I a · Soon after 
it was realised 4 that a (initially massless) pseudoscalar boson, called the axion should be present 
as a consequence of the symmetry breaking. The axion and the phase of the symmetry breaking 
field are related as: a(x) = �e(x) ( 1 )  

Where N i s  the number o f  degenerate QCD vacua associated with the color anomaly o f  the PQ 
symmetry and will be taken to be 1 throught this work. Some time later, when the temperature 
of the universe lowers to T � TqcD '.:::'. 200MeV, instanton effects explicitly break the symmetry 
and generate a mass term for the axion. Its zero temperature value is� 

= Vz lrrmrr = 6 2 V ( 10 12 GeV) ma 1 + z I a 
. µe I a (2) 

where z = mu/md ::: 0.56 is the mass ratio of up to clown quarks. m,. and Irr are the pion mass 
and decay constant. 

In the original axion model a physical meaning was given to the symmetry breaking scale 
by fixing it to the electroweak scale, at around 100 GeV, which was soon ruled out by direct 
searches 5. In the currently accepted invisible axion model, the scale la is in principle arbitrary, 
and well above the electroweak scale. The axion coupling to matter is weak enough to pass 
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undetected. Such a field, however, acts like a weakly interacting massive particle and could 
constitute today's dark matter. 

2 Axion production mechanisms 

2. 1 Thermal production 

If the coupling of axions to other species is strong enough then it is possible that an axionic 
thermal population existed at higher energies. If this is the case a relic density of thermally 
generated axions would be present nowadays. Their contribution to the matter density of the 
universe today is? 

oTHh2 = � (�) 
a 130 eV gF (3) 

In order to have a stable population of thermal axions ma should be at least of order 10-3 
eV.7 However, this bound is forbidden by astrophysical data which exclude a mass range of 
O.OleV < ma < 200 keV for the QCD axion. 5·8 

2. 2 Axionic string decay 

If the scale fa is below the reheating temperature of the universe after inflation, axionic cosmic 
strings would have formed after the second symmetry breaking. These strings typically decay 
into axions. Different groups have studied their relic energy density finding an agreement within 
an order of magnitude? 

0strh2 � 4fl ( lµeV) i. 18 
a - QCD ma 

where llQcD = 3±l takes into account all the uncertainties in the QCD phase transition. 

2.3 Misalignment angle 

(4) 

When the PQ symmetry is explicitly broken, the phase of the field 8 may or may not be at the 
minimum of its potential. We call 81 , the initial value of the massless phase, the misalignment 
angle. 

If 81 is not exactly equal to zero, the sudden appearance of a mass term generates an extra 
potential energy term. As soon as the expansion of the universe lowers to 3H '.::::'. ma(T) the field 
starts rolling down towards the minimum, starting from a height in the potential determined by 
81 . This is made explicit in the misalignment angle relic density contribution expression�0 

� 7 
O h2 � 7 24 -5/12 (82) (200MeV) 4 ( lµeV) ii 

a - ' 9 •. 1 1 A HQCD ma (5) 

with Oa = Pa/ Pc = Pa� and g.,1 i s  the number of  relativistic degrees of freedom when the 
0 

axion aquires its mass. 

The value of (8i) 
The rms of the initial misalignment angle is not given by any field theory, however its value 
should be inferred from some inflationary and statistical remarks. 

Assuming that the Peccei-Quinn symmetry was broken at an energy above the scale of 
inflation, the de Sitter quantum fluctuations need to be considered and they induce a stochastic 
diffusion of the axion away from the symmetric value e = 0. 
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The probability P(B, Ne) of finding a certain value B at a time given by the number of e-folds 
Ne satisfies a Fokker-Planck equation with diffusion coefficient D = H/(27rf0) , 

1 [ (B - 81 ) 2 ] 
===> P(B, Ne) = v 2 exp - 2D2N . 

27rD Ne e (6) 

A given inflationary domain will have a particular initial value 81 . After a few e-folds of 
inflation, the root mean square distance from 81 will be 

(8i) 1;2 = ( (8 - 81 ) 2) 1;2 = _!!_ x VNe . 
27r fa 

(7) 

The observed homogeneity and flatness of the present cosmological horizon require around 
70 e-folds. However, inflation may have started many more e-folds before and the Brownian 
diffusion of the axion could be completed by the time inflation ended in our patch . The values 
of the misalignment angle within our present horizon could be evenly distributed in the range 
[-7r, 7r] . Thus, when QCD instanton effects generate a mass for the axion, its initial value is 
washed out and the mean energy density of the axion is proportional to 7t-
3 Isocurvature modes 

Since the axion is very weakly coupled it may not have participated of the reheating of the uni­
verse at the end of inflation and thus its fluctuations on large scales are necessarily isocurvature 
in nature. This imposes strong constrains since we have no evidence of such a contribution in 
the CMB anisotropies. An upper bound can be imposed on the amount of isocurvature present 
in the CMB and it is parametrized as f;80• It is related to fa as: 

j = (8T/T)iso = J °' '.::: 4_6 X l04 (82) 1 /2 ( fa ) 713 (S2 ) 1/2 180 
(8T/T)a.d 1 - °' 1 1010 GeV a 

4 Analysis and results 

(8) 

We want to constrain the mass of the axion generated before inflation and via the misalignment 
angle production. In order to do this, we sampled the likelihood distribution from a six dimen­
sional parameter space with the following sets of data: CMB data, coming from WMAP (TT 
and TE spectra), VSA, CBI and ACBAR; large scale structure data, from the 2dFGRS and the 
SDSS catalogue; and the gold-supernovae data.11• 12· 13 For this, we used our modified version of 
CosmoMC.14 We find the following values for the parameters relevant for this analysis: 

°' < 0.06 at 953 c.l; and DcDMh2 = 0.12 ± 0.03 at 953 c.l 
and used them to constrain the axionic window in the Minf vs fa parameter space. 

4 . 1  Results: Chaotic Inflation m2¢2 

(9) 

We studied the diffusion of the phase inside a chaotic inflationary model, and found that it 
reaches total diffusion for inflationary scales Hinf > 27.4 x 1012GeV. The predicted inflationary 
scale for this model is H;nf c:: 1014 .  Since we assume fa > H;nf we can write eq. (5) as: 

for the whole range in fa· 
We find then that the bounds on Dcrnv1h2 cannot be reconciled with 

population of misalignment angle axions. Results are sketched on Figure 1 .  
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the existence of a 



SN 19117a 
..... 
..... 
"""" 

Forbidden 
CHAOTIC CbDyM INFLATION 

Figure 1 :  Bounds on the Af;nf - fa plane for chaotic inflation with quadratic potential. Prior bounds on Af;nf the 
inflationary scale come from r and baryogenesis. Those on fa come from astrophysical bounds and from avoiding 
damping of the axion oscillations at the QCD scale (3H(Tqco) < ma).  We also require T,.h < fa but reheating 

is so unefficient for chaotic models that this bound is not constraining at all. 

4 .2  Results: Hybrid Inflation 

We find that for hybrid models there exists an allowed region of values in the plane M;nf -
fa· However it is tightly constrained by both the cold dark matter energy density and the 
isocurvature contribution. 

5 Conclusions 

We have shown that, if the Peccei-Quinn symmetry breaking occurred before inflation, further 
considerations on the diffusion of the phase of the massless symmetry breaking field lead to 
tight constrains for the mass of the axion. In particular, we see that data is not compatible with 
an axion produced via misalignment angle if inflation was chaotic, as suggested by the latest 
WMAP data release. This conclusion does not exclude the existence of the QCD axion but 
narrows the possibility of detecting it as a considerable portion of the cold dark matter. 
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Mimicking phantom behaviour on the brane 

Mariam Bouhmadi-Lopez 
Institute of Cosmology and Gravitation, University of Portsmouth, 
Mercantile House, Hampshire Terrace, Portsmouth P01 2EG, UK 

A de Sitter space-time can be seen as a boundary between quintessence-like behaviour and 
phantom-like behaviour. We show that in a 5D dilatonic bulk, where the dilaton has an 
exponential potential, with an induced gravity term on the brane, whose matter content 
corresponds only to vacuum energy, the brane undergoes a phantom-like stage where it faces 
a curvature singularity in its infinite future. The singularity can be interpreted as the "big 
rip" singularity pushed towards an infinite future cosmic time. The phantom-like behaviour 
on the brane occurs without violating the null energy condition. There is another solution 
where the brane can undergo an early-epoch (transient) inflationary phase induced by the 
dilaton field. 

1 Introduction 

A plethora of different theoretical models has been proposed in order to explain the late-time 
acceleration of the universe as suggested by observations of Supernovae type la (SNia) , the 
cosmic microwave background anisotropies and the large scale structure (see for example 1 ) .  A 
possible explanation for this evolution is the usual vacuum energy represented by a cosmological 
constant providing a negative pressure 1 . However, the observational value of A is about 120 
orders of magnitude smaller than that established from field theory methods. 

So far, alternative phenomenological models have been proposed to describe the late-time 
acceleration of the universe. One approach is to consider an effective dark energy component 
in the energy momentum tensor 1 like in phantom energy models 2•3•4. In these models the null 
energy condition is not satisfied. Hence, the energy density is an increasing function of the scale 
factor in an expanding Friedmann-Lemaitre-Robertson-Walker (FLRW) universe. This may lead 
to the occurrence of a big rip singularity in the future evolution of a phantom energy dominated 
universe 2•3•4 . 

An alternative approach to account for the late-time acceleration of the universe is to consider 
a generalised Einstein theory of gravity like brane-world models (for reviews see 5) where the 
observable four-dimensional ( 4D) universe is a brane (hyper-surface) embedded in a higher­
dimensional space (bulk) . For example, the Dvali, Gabadadze and Porrati (DGP) model 6 has a 
self-accelerating solution at late-time which is asymptotically de Sitter 7. This model corresponds 
to a 5D induced gravity brane-world model 7•8 . An induced gravity brane-world model has two 
solutions (depending on the embedding of the brane in the bulk 7 ) .  One of these solutions (the 
positive branch) can account for the late-time evolution of the universe 7 . The other solution 
(the negative branch) can describe the early-time evolution of the universe 8. 

We will show that in a 5D dilatonic bulk with an induced gravity term on the brane, whose 
matter content corresponds only to vacuum energy, the positive branch solution undergoes a 
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phantom-like stage without violating the null energy condition. On the other hand, the negative 
branch solution can undergo an early-epoch (transient) inflationary phase induced by the dilaton 
field. 

2 The model 

We consider a 5D dilatonic solution obtained by Feinstein et al IO,ll without an induced gravity 
term on the brane. The 5D dilatonic solution reads 1 1  

dsg = 
e
1
2 

r2/3(k2-3)dr2 + r2 (-dt2 + /ijdxidx
j
) ,  ( 1 )  

where /ij is a 3D  spatially flat metric. The bulk potential corresponds to 
V(¢) = A exp[-(2/3)k¢]. (2) 

The parameters k and e in Eq. (1) measure the magnitude of the 5D cosmological constant A 

A =  � (k2 - 12)(2 . (3) 

The 5D scalar field scales logarithmically with the radial coordinate r 1 1  

¢ = k log(r). (4) 
i,From now on, We will consider only the case k > 0 (the main conclusions of the paper does 
not depend on the sign of k}; i.e. the scalar field is a growing function of the coordinate r. 

We consider an empty homogeneous and isotropic brane (filled only with the brane tension 
>-.(¢)) embedded in the previous 5D dilatonic solution Eq. ( 1 )  and whose trajectory on the bulk 
is described by the following parametrisation 

t = t(T), r = a(r), x; = constant, i = 1 . . . 3, (5) 
where T corresponds to the proper time of the brane. Then the brane metric reads 

ds� = 9µv dxµdx" = -dT2 + a2 ( T}rijdxidx
j

. (6) 

For an induced gravity brane-world model 7,s , there are two physical ways of embedding the 
brane on the bulk when a Zrsymmetry across the brane is assumed. We will refer to a brane 
as the positive branch when the location of the brane r = a( T) is such that 

dsg = ;
2

r2/3(k2-3ldr2 + r2( -dt2 + /ijdxidx
j
} ,  r > a(r) .  (7) 

On the other hand, we will refer to a brane as the negative branch when the location of the 
brane r = a( T) is such that 

dsg = 
e
1
2

r2/3(k2-3)dr2 + r2(-dt2 + rijdXidx
j
) ,  r < a(T) . (8) 

The Israel junction condition at the brane 9 describes the cosmological evolution of the brane 
through the modified Friedmann equation 

H2 = _!_ {).. + p + + [1 + E 
6a K5a 

(9) 

where E = ±1 and a is a positive parameter which measures the strength of the induced gravity 
term and has dimensions of mass squared. From now on, E = 1 ,  -1  corresponds to the positive 
and negative branches, respectively. On the other hand, the junction condition of the scalar 
field at the brane 9 constrains the brane tension ).. ( ¢) 
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3 Positive branch and phantom-like behaviour 

In the positive branch (e = 1) and for a vacuum brane, the brane tension is a growing function 
of the scalar field or equivalently of the scale factor of the brane. This can be easily seen from 
Eqs. (4) and (10) "· We would like to stress that in a standard 4D FLRW expanding universe 
filled with a phantom energy component, the energy density behaves in this way too: the energy 
density is a growing function of the scale factor 2•3 . 

The Hubble parameter H is an increasing function of the scale factor. Consequently, the 
brane is super-inflating {the time derivative of H is positive on the brane) as the brane expands 
and moves in the bulk. At high energy {small values of the scale factor) , H reaches a constant 
positive value. Consequently, there is no big bang singularity on the brane. Indeed, the brane 
geometry is asymptotically de Sitter in the past. On the other hand, at very large values of 
the scale factor H diverges and there is a singularity in the future evolution of the brane. The 
divergence of the Hubble parameter for very large values of the scale factor might point out the 
existence of a big rip singularity in the future evolution of the brane; i.e. the scale factor and 
Hubble parameter blow up in a finite cosmic time in the future evolution of the brane. However, 
there is no big rip singularity on the future evolution of the brane because at large value of the 
scale factor 

k2 
H � -

2
- ln(a), 

1\:50! 
{11 )  

and., consequently, the Hubble rate does not grow as fast as in phantom energy models with 
a constant equation of state where a big rip singularity takes place on the future evolution of 
a homogeneous and isotropic universe 2•3• Indeed, the singularity on the brane occurs in an 
infinite future cosmic time where the scale factor and the Hubble parameter diverge. This kind 
of singularity can be interpreted as a "big rip" pushed towards an infinite cosmic time of the 
brane. We would like to stress that this singularity appears only on the brane and not in the 
bulk. Indeed, large values of the scale factor correspond to large values of the extra coordinate 
r {where the bulk is asymptotically flat) and the only bulk singularity is located at r = 0. 

4 Negative branch and early inflation 

In the negative branch (e = -1)  and for a vacuum brane, the brane tension is a decreasing 
function of the scalar field or equivalently of the scale factor of the brane. This can be easily 
seen from Eqs. (4) and (lO) b. At high energy {small values of the scale factor), the brane tension 
reaches infinite positive values. On the other hand, for very large value of the scale factor the 
brane tension vanishes. 

The Hubble parameter is a decreasing function of the scale factor. At high energy, H reaches 
a constant positive value. Consequently, there is no big bang singularity on the brane. On the 
other hand, at very large values of the scale factor, the Hubble parameter vanishes (the brane is 
asymptotically Minkowski in the future) . Consequently, unlike the positive branch, the negative 
branch is never super-inflating, although the negative branch always undergoes an inflationary 
period. 

The brane behaves in two different ways depending on the values acquired by k2. For k2 :::; 3, 
the brane is eternally inflating. A similar behaviour was found in 1 1  in a dilatonic brane-world 
model without an induced gravity term. On the other hand, the brane undergoes an initial sta'.ge 
of inflation when k2 > 3. Later on the brane starts decelerating. This second behaviour was not 

"The same property can be shown by solving analytically the constraint equation (10). We refer the reader to 
12 for more details. 

bThe constraint equation (10) can also be solve analytically in this ca.se'2 and it can be explicitly shown that 
the brane tension decrea.ses a.s the brane expands. 
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found in 11 for a vacuum brane. Then, the inclusion of an induced gravity term on a dilatonic 
brane-world model with an exponential potential on the bulk allows inflation to take place in 
the negative branch, even if it does not for a vanishing induced gravity parameter (for k2 > 3). 
This behaviour has some similarity with steep inflation 13, where high energy corrections to 
the Friedmann equation in RS scenario 5 permit an inflationary evolution of the brane with 
potentials too steep to sustain it in the standard 4D case, although the inflationary scenario 
introduced by Copeland et al in 13 is supported by an inflaton confined in the brane while in our 
model inflation on the brane is induced by a dilaton field on the bulk. 

5 Conclusions 

We study the behaviour of a vacuum dilatonic brane-world model; i.e. the matter content of 
the brane is specified by the brane tension, with an induced gravity term on the brane with 
a constant induced gravity parameter a. We assume a Z2-symmetry across the brane. The 
dilatonic potential is an exponential function of the bulk scalar field. 

In the vacuum positive branch, the brane tension is a growing function of the scale factor and, 
consequently, mimics the behaviour of a phantom energy component on the brane. However, 
the brane tension does not violate the null energy condition. The expansion of the brane is 
super-inflationary; i.e. the Hubble parameter is a growing function of the cosmic time. The 
brane faces a curvature singularity in its future evolution, where the Hubble parameter, brane 
tension and scale factor diverge. The singularity happens in an infinite cosmic time. Therefore, 
the singularity can be interpreted as a "big rip" singularity pushed towards an infinite future 
cosmic time. 

In the vacuum negative branch, the brane tension is a decreasing function of the scale factor. 
Unlike the positive branch, the branch is not super-inflating. However, it always undergoes an 
early inflationary expansion. The inflationary expansion can be eternal (k2 s; 3) or transient 
(k2 > 3). 
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This axticle briefly summaxizes the motivations for - and recent progress in - seaxching for 
cosmological configurations within string theory, with a focus on how much we might reason­
ably hope to learn about fundamental physics from precision cosmological measurements. 

1 Why String Cosmology? 

The last few yea.rs have seen a number of scientific gatherings which have brought together 
string theorists and cosmologists in a way which would have been unheard-of only a few yea.rs 
ago, stimulated by a relatively recent convergence of interest between these two fields. This 
convergence is interesting in its own right, promising as it does to relate the laws of nature at 
the smallest of distances to the behaviour of the universe as a whole, as seen writ large across the 
sky by contemporary cosmologists. But the possibility that there should be such a connection 
also contains within itself a puzzle, to do with why it is possible for these two fields usefully to 
inform one another at all. 

1 .1  Why doesn't string theory decouple from cosmology? 

What is so puzzling about a connection between string theory and cosmology? The puzzle 
inherent in this field is intimately tied up with its promise: the potential it holds out for a 
connection between the workings of nature on the smallest of distance scales and the properties 
of the universe at large. Such a connection is intrinsically puzzling because of a fundamental 
property of nature, which might be called the Principle of Decoupling. 

The Principle of Decoupling: Although the world comes to us in many scales, these 
scales can each be understood on their own terms since their properties do not depend 
strongly on all of the details of the physics of other scales. 

For example, we know that atoms are built from constituents (electrons and nuclei) which 
are much smaller than the atoms themselves, and some of these constituents (nuclei) themselves 
consist of still smaller things like quarks and gluons. But a detailed understanding of atomic 
properties (i .e .  the spectra and chemistry of atoms) depends only on gross properties of their 
constituents ( like the nuclear mass and charge) .  In particular, it does not depend on any of the 
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complicated details of how they are constructed from their own constituents. Historically, this 
is why it was possible to understand atomic physics before having a complete understanding of 
nuclear physics. Indeed, this property of nature could be argued to be an important part of the 
reason why Science is possible at all, since it shows why we can hope to understand part of what 
is going on in nature without having to understand everything at once. 

This gives rise to the puzzle: given the decoupling of scales in nature, how can cosmology 
- the understanding of the properties and behaviour of the largest objects known - possibly 
depend on the details of string theory - our best candidate for a theory of nature at the very 
smallest of scales? After all, we don't have meetings at which condensed-matter physicists or 
atomic physicists expect to learn much that is useful from string theorists. These meetings don't 
take place because string theory is likely to get right all of the details of atomic and condensed 
matter physics provided only that it predicts the existence of electrons and nuclei, and it gets 
right the laws of electromagnetism (as expressed by QED). For this reason there is little to 
be gained by comparing string predictions with detailed measurements of condensed matter 
phenomena. 

There seem to be three reasons why string theory can usefully inform cosmology, and vice 
versa. 

1 .  Access by cosmology to very high energies: This is the traditional reason for the decades­
old development of a fruitful interface between astrophysics and particle physics. Some 
astronomical systems (like active galactic nuclei or ultra-high-energy cosmic rays) can 
involve physical processes involving astronomically large energies, whose understanding 
requires knowing how high-energy elementary particles behave. 
The same can be true for cosmology because we know that the observable early universe is 
well described by the Hot Big Bang model, but only if special initial conditions (homogene­
ity, isotropy, flatness, and a spectrum of primordial density fluctuations) are chosen before 
the earliest epoch (nucleosynthesis) for which we have direct observational evidence. Al­
though nuclear physics seems to suffice for understanding nucleosynthesis, particle physics 
is required in order to understand the origin of the special initial conditions. In particular, 
the extremely high energies associated with string theory are very likely to be important 
if these initial conditions are explained by a very early epoch of inflationary universal 
expansion.1 

2. Dependence on UV-sensitive properties: Cosmology is unusual because the vast majority 
of cosmological models rely for their phenomenological success on properties which are 
notoriously sensitive to microscopic details. For example specific models of Dark Energy 
2 or inflation 3,4 often depend on the existence of very shallow scatar potentials which 
give rise to extremely light scalar masses, Mq, ::; H, where H is the Hubble scale at the 
epoch of interest. But scalar masses are famously difficult to keep from getting large 
contributions when the short-distance (UV) sector of the theory is integrated out. To take 
an extreme case, most Dark Energy models require Mq, < 10-33 eV, while it is difficult 
to make the contribution to Mq, due integrating out a particle of mass m smaller than 
oMq, � m2/Mp, where Mp = (87rG)-112 � 1018 GeV. This correction is already larger 
than Mq, for m > 10-3 eV, and so is many orders of magnitude too large even for the 
electron, for which me �  5 x 105 eV. 

3. Difficulty of modifying gravity on long distance scales: Much of the evidence for the exis­
tence of exotic matter (like the scalar particles just mentioned) in cosmology is based on 
inferences which assume General Relativity is the correct theory of gravity. But General 
Relativity has never been experimentally tested over distances as large as required for 
cosmological applications, and this observation has led many people to try to avoid the 
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need for exotic matter by instead appropriately modifying gravity at long distances. Some 
phenomenological success can be achieved along these lines, provided one is judicious in 
the modifications which are made. 
However, what this line of argument misses is that it is extremely difficult to embed any 
modification of gravity at long distances into any kind of a sensible theory of short-distance 
physics. This is because we now know that General Relativity is the most general kind 
of interaction which a massless spin-two particle can have which is consistent with very 
general principles (like special relativity, stability and unitarity), and as a result we have 
a very general understanding as to why General Relativity provides a good description of 
gravity.5'6 So far as is known, it seems very likely that any sensible theory of gravity must 
look in the far infrared (IR) like a combination of scalar fields and gauge fields interacting 
with General Relativity, and there is no compelling theory which is both consistent with 
measurements in the solar system and in astrophysics and yet also observably different 
from gravity at very long distances in a phenomenologically successful way.7 This indicates 
that consistency issues at short distances provide an important clue as to what is possible 
to entertain as a description of nature over long distances.a 

For the above reasons there is at present an unusual opportunity at the interface between 
cosmology and microphysics, which provides a real chance for learning something important 
about nature. The opportunity arises because the very success of cosmological models relies in 
detail on properties (like shallow scalar potentials) which we know to be extremely sensitive to 
the details of short-distance physics. Furthermore, it is not generic that these microscopic details 
provide phenomenologically successful models for cosmology. The condition that a model both 
provide successful phenomenology and be sensibly embedded into microscopic physics is very 
strong, making the finding of examples which do both a worthwhile exercise. Furthermore, as 
we now argue, there is an opportunity for information to flow in both directions, with potential 
theoretical insights for both string theory and cosmology. 

1 .2  What is useful for cosmologists 

We first ask how short-distance physics can be useful for practical cosmologists interested in un­
derstanding observational data. The utility here comes from the observation that cosmological 
observations (marvellously precise though they are) are likely to remain inadequate into the fore­
seeable future for unambiguously differentiating amongst the many competing phenomenological 
cosmological models.9 

However cosmological observations provide only part of the clues as to what is going one. We 
must also weed out those models which do not make sense when embedded into more microscopic 
theories, and it is the interplay between these two kinds of constraints which makes the exercise 
theoretically constrained. In practice this means ruthlessly rejecting those models of cosmology 
which predict low-energy ghosts, instabilities or violations of the experimental tests of gravity 
within the solar system or for binary pulsars. Such a restriction dramatically reduces the•number 
of models which require more detailed scrutiny. 

1.3 What is useful for string theorists 

The information exchange between string theory and cosmology is likely also to be of use to 
string theorists, for the following reason. String theory involves an enormous number of degrees 
of freedom and so may be expected to enjoy an equally enormous number of solutions. A precise 

"It must be emphasized that because these issues deal with long-distance problems, they may be unambiguously 
addressed using current knowledge - using standard Effective Field Theory techniques 8 - and in particular 
need not await an eventual 'final' theory of Quantum Gravity, as is sometimes argued. 
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counting of how many solutions there might be requires an understanding the form of the 
potential which stabilizes the many fields of the theory, but recent progress lO,ll,l2 in computing 
this potential for some types of string vacua indicates there to be more than 10100 such vacua. A 
central question for string theorists is to find which solutions can describe the universe around 
us, and to understand why the universe should end up being described by these solutions rather 
than by the many other possible solutions. 

Cosmology may help this process in two ways. First, cosmology can help to find string vacua 
with acceptable phenomenology. It can do so because the direct examination of various vacua is 
impractical, given the likely enormous number of solutions which exist. What can be useful when 
looking for potentially realistic vacua, however, is the identification of low-energy modules which 
capture one or another of the phenomenologically desirable features required to describe our 
low-energy world. For instance, these could include modules for ensuring an acceptable particle 
spectrum; a mechanism for understanding the electroweak hierarchy, and so on. Some of these 
modules can involve cosmology, such as by demanding the existence of an early inflationary 
phase; a candidate for dark matter; or an understanding of the observed features of the dark 
energy density. 

The second useful role cosmology might play for string theory is by providing potentially 
measurable signals for comparison with experiments. Recall that the existence of an enormous 
number of vacua makes the extraction of a theory's predictions much more complicated, since 
the properties of each vacuum provide in principle a separate set of predictions for what might 
be found around us. The most likely way in which such a theory will be tested in practice is 
through its statements about the correlations of the properties to be found about any particular 
vacuum, along the lines of: "Any vacuum which has property X must also have property Y" . 
For instance, X might be the statement "contains the standard model gauge group, and Y might 
be "has 3 generations of chiral fermions" . 

Cosmology can usefully contribute to the kinds of statements, X and Y, since it is plausible 
that our understanding of why the universe is the way it is now will depend on our understanding 
of where it has been in its past. For instance X or Y might include "has at least 60 e-foldings 
of inflation" , or "has such-and-such a relic abundance of cosmic strings" . In particular, one can 
hope that the class of string solutions which give a reasonable description of cosmology might 
also lead to a restricted class of particle physics properties to be compared with laboratory 
experiments. 

2 Branes and naturalness 

An important way in which string theory has influenced thinking about more phenomenological 
issues can be traced to the discovery of branes.13 This discovery has radically changed the kinds 
of low-energy implications which the vacua of the theory can have, and this has in turn led to 
a number of important new insights into the nature of the various 'naturalness' problems which 
arise within the effective theories relevant for phenomenology. 

2. 1 Why are branes important? 

The main reason why branes have provided new insights into low-energy naturalness problems 
is because the study of the low-energy properties of vacua containing branes has identified a 
number of important (and overly restrictive) hidden assumptions which had been hitherto made 
regarding what is possible for the low-energy limit of a sensible high-energy theory. 

The identification of such assumptions is crucial for naturalness problems, because these 
problems in essence amount to statements like: "a broad class of low-energy theories (obtained 
by integrating out heavy modes in some fundamental theory) have a generic property X, which 
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is not observed to be true in nature." Property X here might be: "has a Higgs mass similar 
in size to the Planck mass" , or "has a large cosmological constant." It is crucial to know when 
these unwanted but generic properties depend on hidden assumptions, since these may prove to 
be unwarranted and so may be the loopholes through which nature evades the problem. 

For instance, a very important hidden assumption which the study of branes has identified 
is the assumption that all interactions 'see' the same number of spacetime dimensions. This 
assumption is violated, for instance, if particles like photons arise from open strings, which at 
low energies are localized on the branes on which such strings must end. In this case photons 
must propagate only within the dimensions spanned by the branes, while gravitons can move 
throughout the full extra-dimensional environment. Among the suggestive new insights which 
have emerged in this way are: 

1 .  A Lower String Scale: The string scale need not be close to the Planck scale,14 opening up 
interesting new possibilities for understanding the electroweak hierarchy with the string 
scale being associated with the intermediate scale 15 or the TeV scale.16 

2. Large Extra Dimensions: A possibility which is related to (but not identical with) having 
the string scale at the Te V scale is that extra dimensions can be much larger than had 
been thought, being potentially as large as micron size.16 

3. Decoupling 4D Vacuum Energy from 4D Curvature: In four dimensions a large vacuum 
energy is identical with a large cosmological constant, and so also with a large 4D curva­
ture. (This connection underlies the cosmological constant problem since the curvature is 
observed to be small while the vacuum energy is expected to be large.) Higher-dimensional 
brane solutions show that this connection need not survive to higher dimensions, where 
large 4D energies can co-exist with flat 4D geometries.17•18 

4. Non-locality: Locality is normally automatically ensured for effective theories because 
these theories are defined by integrating out only very heavy states. However since brane 
constructions can allow extra dimensions to be large compared with particle-physics length 
scales, the effective theories which result can admit a restricted form of nonlocality. They 
can do so because the observable particles might now be identified as those living on a 
collection of branes, rather than simply in terms of a low-energy limit. For instance, 
interactions which are obtained by integrating out modes whicli are not heavy compared 
with TeV scales - such as bulk Kaluza Klein (KK) states - can mediate nominally 
nonlocal correlations into the remaining fields. 

These possibilities show why string theory may have the potential to teach us a consider­
able amount about how to think about any new physics which might be encountered in future 
observations, even if the string scale should turn out to be much higher than the energies being 
directly probed in these experiments. The fact that string theory makes it plausible that the 
particles we observe might be trapped on branes within extra dimensions, and that this possi­
bility changes how we think about general naturalness issues, makes it worthwhile to take the 
possibility of brane localization very seriously. 

' 

3 String Inflation 

Inflation is the simplest application of string theory to cosmology to motivate, because it could 
easily involve energy scales which are so high that they could plausibly directly probe string­
related physics. Furthermore, recent precision measurements 19 of the properties of the cosmic 
microwave background radiation (CMBR) have accumulated impressive evidence supporting 
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the existence of an early inflationary epoch. One of the pleasures of this particular meeting at 
Moriond was the very recent announcement of the most precise such measurements 20 to date. 

Observations of the CMBR are only sensitive to essentially three numbers in any slow-roll 
inflationary model� the inflationary Hubble scale, H;nf, and its first and second logarithmic 
derivatives with respect to the scale factor, evaluated at 'horizon exit' (i.e. the moment when 
observable scales cross the Hubble scale) . (It is conventional to describe these latter two deriva­
tives in terms of two small dimensionless slow-roll parameters, E and 71.) 

In principle these three parameters provide one relationship amongst the four observables 
defined by the amplitude and spectral tilts of the primordial spectrum of scalar and tensor 
perturbations to the metric, although the full power of this prediction is difficult to fully exploit 
until tensor fluctuations are detected. In the meantime, one may instead constrain E and 71 from 
measurements of the scalar spectral tilt, n., as measured from the fluctuations in the CMBR, 
and from upper limits on r, defined as the ratio of the amplitude of tensor fluctuations to the 
amplitude of scalar fluctuations. 

At present, current measurements are only now starting to be able to distinguish between 
the predictions of broad classes of models. Three classes of models which may be distinguished 
in this way are!9•20 

1. Large-Field Models, for which E and 71 vary inversely with the value of the inflaton field: 
ex (Mp/ip)P, for some p > 0; 

2. Small-Field Models, for which E and 71 are proportional to a positive power of the value of 
the inflaton field: ex (tp/Mp)P, for some p > O; 

3. Hybrid Models, for which field evolution at the end of inflation involves at least a two­
dimensional field space, and for which the slow-roll parameters depend on parameters in 
the potential which govern the couplings between these fields. 

Varying the various parameters in these models leads to predictions which fill regions of 
the observable r - n, plane. In the limit where H;nr is essentially constant during horizon 
exit (i. e. E, 71 R:j 0), all slow-roll models approach the scale-invariant point, corresponding to 
an unobservably small amplitude for tensor modes and a precisely Harrison-Zeldovich (HZ} 
spectrum: (r, n,) = (0, 1). But each of the above classes tends to sweep out a different region of 
predictions within the r - n, plane, all of which overlap near the scale-invariant HZ point. In 
particular, the bulk of small-field models (although not all) tend to prefer n, < 1, while the bulk 
of hybrid models (although not all} prefer n, > 1. What is exciting about the, latest CMBR 
observations 20 is that they are now beginning to exclude the HZ point which is common to all 
classes of models, and as a resJ.lt are beginning to provide observationally-justifiable preferences 
amongst these models. 

3.1 Why embed inflation within string theory? 

Given the few quantities to which observations are sensitive, the skeptical reader might reason­
ably wonder whether it is premature to invest considerable effort in finding inflationary evolution 
within string theory. There are nevertheless several good reasons for doing so. In particular, 
inflationary models must be embedded into a fundamental theory like string theory in order to 
understand the following issues: 

1. Naturalness: Are the choices made in order to obtain acceptable values for H;nf, E and 
71 inordinately sensitive to short-distance (UV) effects, or must they be finely-tuned in 
order to achieve sufficient inflation? (And if anthropic arguments are used to explain 
these tunings;21 what assigns the probabilities 22 which must be used in order to have an 
adequate explanation?) 
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2. Reheating: At the end of inflation how does the energy associated with inflation get con­
verted into observable heat (as is required in order to launch the present-day Hot Big 
Bang epoch)? As anyone who lives in a cold climate knows: a warm house requires both an 
efficient furnace and good insulation. Likewise, for inflation it is not sufficient for there to 
be a channel for coupling energy between the inflationary and observed sectors, one must 
also show that too much energy is not lost into any unobserved degrees of freedom. But 
this question cannot be addressed without a proper theory (like string theory) of what are 
all of the relevant degrees of freedom at inflationary energies?3 

3. Initial Conditions: What justifies the choices which are made for initial conditions before 
inflation? This question can arise because part of the motivation for inflation is to explain 
the unusual initial conditions of Hot Big Bang cosmology. And inflation can itself require 
special initial conditions for some kinds of inflationary models (such as for hybrid models, 
for example). For such models the full microscopic theory is required in order to understand 
the origin of these initial conditions. Whether initial conditions really are a problem 
depends on the type of model of interest, since for some cases (like some large-field models) 
inflation can be an attractor solution, inasmuch as it is the endpoint for a broad class of 
initial conditions. Alternatively, for some cases (like for small field models) one can instead 
appeal to eternal inflation to explain why the inflating initial conditions might come to 
dominate the later universe?4,25,26 

3.2 Why is string inflation so hard to find? 

Twenty years of experience has shown that it is quite difficult to embed inflation into string the­
ory in a controllable way. This is somewhat paradoxical given that supersymmetric string vacua 
provide so many massless, scalar fields for which the corresponding scalar potential is completely 
fl.at (and so for which " = 'f/ = 0) .  The problem arises because a convincing case for a slow roll 
requires a complete understanding of the potential for these fields even after supersymmetry 
breaks. In particular one must check that this stabilizing potential does not introduce new, 
steep, directions into the potential along which the fields will prefer to roll. Although a number 
of mechanisms were proposed over the years taking advantage of supersymmetric fl.at potentials� 
the difficulty in reliably computing supersymmetry-breaking effects, together with cosmological 
problems with the resulting potentials in the few calculable cases?7 proved to be an obstacle to 
further progress. 

The introduction of branes proved to be the way forward for string inflation, although the 
initial brane-brane proposal 28 also relied on supersymmetry for the flatness of its potential 
(and so suffered from the same calculational difficulties to do with supersymmetry breaking as 
did earlier ideas) .  The decisive advantage of branes became apparent only much later, for two 
reasons. First, it was realized that supersymmetry breaking can become calculable, based on 
the mutual attraction of a brane-antibrane pair 29,3o or branes at angles, 31 leading to the brane­
antibrane mechanism of inflation. With calculability came an explosion of scenarios, including 
models using D3 branes attracted towards D7 branes�2 branes undergoing relativistic motion�3 
intrinsically stringy modes 34 and assisted inflation using string axions 35 and more - see ref. 3 
for more extensive references than are possible here. 

The second reason branes proved to be crucial for progess was the insight they provided lO,ll 
into the stabilization of the many scalar fields of string vacua. Once the simplest vacuum 
with all moduli stabilized was obtained,12 its combination with the brane-antibrane inflationary 
mechanism led to the first inflationary scenario with a plausibly detailed string pedigree.36,37 
Shortly thereafter, variations on this theme also led to the discovery of inflationary scenarios for 
which it is the modulus describing the size of the extra dimensions (and its axionic superpartner) 
which is the infl.aton.38 Improved understanding of the potentials which stabilize the moduli of 
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string vacua, has allowed better and better control over the approximations which are required 
in order to establish inflation, enabling more detailed connections to be made to the properties 
of explicit string vacua�9,40 

3.3 How natural is inflation in string theory? 

Now that some plausibly stringy inflationary models exist, how fine-tuned do they appear to be? 
Although it is still a bit early to draw definitive conclusions, since comparatively few corners 
of field space have been explored to this point, some tentative conclusions can be drawn. For 
instance, so far all of the proposals but one (including in particular all of the brane-antibrane 
scenarios) seem to require the same amount of fine-tuning as do their field theoretical counter­
parts: i.e. slow roll inflation requires parameters must be adjusted to within a part in 100 or 
1000. In the one example for which inflation seems natural39 it is a modulus, X/Mp � ln(L/£, ) ,  
of the extra dimensions which i s  the inflaton. (Here L is the length of a cycle in the extra 
dimensions, Mp is the 4D Planck mass and £, is the string length scale. )  It is natural because 
it takes advantage of a mechanism earlier identified 41 in the field-theoretic limit, wherein the 
inflaton potential takes the schematic form 

V(X) = Vo - A Xc exp[-a (X/Mp)c] + · · . , ( 1 )  

where V0, A,  a and c are constants, and the ellipses represent terms which become important only 
as inflation ends. Such a potential has a slow roll provided that X » Mp, but the point is that 
this is generic to the domain of validity of the effective theory in which this potential appears. 
It is generic because X » Mp corresponds to the condition L » £, , which is a prerequisite for 
describing the dynamics of L in an effective field theory. It is clearly of considerable interest to 
see whether this example is representative, and if so to identify reliably the regions of solution 
space where inflation occurs so naturally. 

3.4 What kind of stringy effects can we hope to measure? 

Given that inflation appears to be possible in string theory, and given the wealth and precision 
of current observations, can we expect there to be any stringy 'smoking guns' awaiting us in 
the sky? Of course, a complete answer to this question must await a proper expl�ration of the 
reheating problem in models containing both inflation and a realistic standard model sector, 
since it is only then that we can see how many stringy remnants might survive into the late-time 
universe which we can observe. But three kinds of broad conclusions about observable signals 
can already be drawn. 

1. Remnant Cosmic Strings: Within the brane-antibrane inflationary mechanism infl;tion 
ends when the brane and antibrane annihilate, and although not completely understood, 
it was recognized from the beginning 29 that this process is likely to generate an extremely 
rich spectrum of post-inflationary remnants.b The key point for observational purposes is 
that cosmic strings are special amongst these remnants inasmuch as they can plausibly 
be produced with observable string tensions and residual abundances�3 although whether 
they can live long enough to survive to the present epoch is a somewhat model-dependent 
issue�4 

2. Observational Constraints Among Slow-Roll Parameters: In all of the calculations to date 
the conclusion that the observed 4 dimensions inflate in a particular string (or string­
motivated) model is drawn using a low-energy 4D effective field theory. As such, their 

bFor high-dimension branes the cascade of annihilations of these remnants might in some circumstances provide 
a dynamicai explanation for why 3-branes might be more abundant at late times,29 an idea which when investigated 
in a fully cosmological context also predicts the same for 7-branes.42 
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direct predictions for the CMBR fall within the category of predictions for 4D slow-roll 
inflationary models. In particular, brane-antibrane models tend to fall into the category 
of hybrid inflation models, with the earliest models predicting 37 a 'blue' spectral index 
n8 > l .  (Subsequent more detailed studies have shown this conclusion not to be robust 
against adjustment of the details of the model, with n8 < 1 being possible for some 
choices of parameters.45) By contrast, moduli-driven models, like those of the 'racetrack' 
type�8•40 are of the small-field type for which n8 < 1 is more robustly preferred. (Indeed 
the most recent of these 40 obtained n8 = 0.95 in what was probably the last theoretical 
calculation not to be biased by the most recent observations 20 which favour this value. ) 
It is remarkable that the preference of the current data 20 for n8 < 1 already differentiates 
amongst some of these models at a statistically significant level, by differentiating amongst 
the classes of low-energy inflationary field theories to which they give rise.46 

One might hope that string theory might be more predictive than are the low-energy field 
theories which describe their effects at low energies. For instance, this would occur if it 
happened that not all of the three-dimensional inflationary parameter space - i. e .  H;nf, 
E and 77 - of the 4D field theories were generated by varying the underlying parameters 
of the string models through all of their allowed values. This would be an attractive 
possibility if it were true, since it might permit a definitive test of string-based inflation 
by observations. Unfortunately there is as yet no evidence that string models do not 
explore the entire parameter space of 4D inflationary slow rolls, although admittedly the 
parameter space of the string-based models has not yet been extensively explored. 

3. Non-Decoupling Effects: Everything known about string theory is consistent with the 
dynamics around string vacua being described at low energies by an appropriate effective 
field theory - although the occasional worry does get raised�7 This allows a fairly robust 
analysis of the influence of high-energy states on inflationary predictions for the CMB 
since it is possible to analyze its effects in the effective field theory limit. And this theory 
can be taken to be four dimensional provided that the physics of interest around horizon 
exit is itself four-dimensional. Since the cosmological backgrounds of interest are time­
dependent, care must be taken when performing this analysis to keep track the additional 
conditions which arise in this case for the validity of the effective-field theory description.8 

The results of such an analysis are interesting. First, one finds that by far the majority 
of effective interactions do not perturb the standard slow-roll inflationary predictions for 
the CMBR, with a vast number of effects first arising at order (H;nr/ M)2 ,  where M is the 
relevant string (or KK) scale describing the relevant high-energy physics�8 This is good 
news, since it ensures the robustness of the standard predictions to high-energy string 
details. But there can be exceptions to this statement , of two types.49 One type involves 
non-adiabatic time-dependent effects during the e-foldings just before horizon exit. These 
effects can cause deviations from the predictions of slow-roll inflation because they violate 
the assumptions on which the slow-roll calculations rely. Their existence is interesting 
since it motivates a careful search within the observations for deviations from standard 
slow-roll predictions.c 

Alternatively, there can also be static effects 49 which are larger than O[ ( H;nf / M) 2] because 
they arise with coefficients of order ( v / M)2,  where v :J> H;nr is the scale in the scalar 
potential which gives rise to inflation: Hinf � v2/Mp. However, most of these (v/M)2 
effects arise as modifications of the inflaton potential and so represent a change in the 
connection between the slow-roll parameters and the underlying string parameters, rather 

cit shouid be remarked parenthetically that the expected deviations 49 can be physically distinguished from 
those predicted by the more speculative 'transplanckian' effects 50 which have been much discussed recently. 
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than an observable deviation from the physical predictions of slow-roll inflation themselves. 

It is clear that it is still early days for the exploration of the implications of string theory for 
cosmology in the very early and more recent universe. But the preliminary results are encour­
aging, and the prospects remain bright for learning something interesting about the physics of 
very high energies. 
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SIGNATURES OF EXTRA DIMENSIONS 

CARLA CARVALHO 
Departamento de F{sica, Instituto Superior Tecnico, 

Av. Rovisco Pais, Lisboa 1049-001, Portugal 

This contribution reports on the formulation of a model for the brane-bulk interaction con­
templating a universe with an arbitrary expansion history defined on a moving boundary of 
the bulk spacetime. The coupling between the brane and the bulk degrees of freedom is es­
tablished by imposing that the modes emitted from the brane satisfy the gauge defined in 
the bulk. A method is currently being developed for the calculation of the bulk graviton 
propagator with a view toward the calculation of the linearized cosmological perturbations in 
a one brane R.andall-Sundrum scenario. 

In a braneworld scenario, where the observable universe consists of a (3+ 1 )-dimensional 
timelike hypersurface embedded in a higher-dimensional bulk spacetime, the interaction between 
the brane and the embedding space will be intrinsically higher-dimensional. From the point of 
view of the brane, this would appear to generate dissipation and non-locality. Such effects, 
unaccounted for by an effective (3+1)-dimensional description, could explain in a novel way 
features not fully explained by standard cosmology, thus allowing for potential observational 
signatures for the presence of extra dimensions. 

In particular, an understanding of the nature of the brane-bulk interaction is required to 
investigate any possible differences in the predictions for the cosmological perturbations between 
the standard (3+1)-dimensional cosmology and a braneworld cosmology. In (3+1)-dimensional 
cosmology, for each k sector into which linearized cosmological perturbations can be diagonal­
ized, the number of degrees of freedom is finite, described by a finite number of coupled ordinary 
differential equations. In the presence of an extra dimensional bulk, however, this number is 
infinitely enlarged. When the extra dimension is of finite size, the spacing between the discretely 
infinite bulk degrees of freedom is proportional to the inverse of the size of the extra dimension. 
A very small extra dimension generates a large mass gap between the zero mode and the infinite 
tower of bulk excitations. When the extra dimension is infinite, the bulk degrees form a con­
tinuum. A suppression of the coupling of the lowest energy bulk degrees of freedom to those on 
the brane is achieved by the warping of the bulk spacetime. In both cases, a (3+ 1 )-dimensional 
gravity is recovered on large scales on the brane.1 Higher dimensional effects would only be 
expected on very small scales, or in the very early universe. 

A Model for the Brane-bulk Interaction: In Binetruy, Bucher and Carvalho,2 a model was 
devised for the brane-bulk interaction in the case of a single (3+1)-dimensional brane endowed 
with a singular Z2-symmetric stress-energy distribution and embedded in a five-dimensional anti­
de Sitter bulk spacetime. Initial conditions must be specified for the infinite number of bulk 
degrees of freedom. From the bottom vertex of the Penrose diagram for maximally extended 
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AdS, formed by the null surface H _ and the timelike surface for the origin of the extra dimension, 
emerge all possible timelike trajectories for the brane. Hence, depending on the quantum state 
for the incoming bulk degrees of freedom at the past Cauchy horizon H _ and on the quantum 
state for the brane degrees of freedom at the intersection with H_, different trajectories for the 
brane and consequently different induced expansion histories are contemplated. The model was 
built in analogy with the mechanical interaction of an harmonic oscillator coupled to a string, 
with the oscillator representing the degrees of freedom localized on the brane and the string 
those of the bulk. Different examples of increased complexity were considered. 

For a constant coupling, a description of dissipation is obtained, with excitations of the 
oscillator decaying and emitting waves which propagate in the string. From the equation of 
motion for the oscillator of mass m 

ij(t) + w2q(t) = F(t)/m = "fOu/axlx=O ( 1 )  

and with the ansatz for the field on the string uw (t, x) = sin[wx - <,h(w)]e-iwt, it is found that 
the quantum operator for the oscillator degree of freedom is given by q(t) = u(t, x = 0) ,  where 

(2) 

and µ is the linear density of the string. This reflects the fact that the annihilation and creation 
operators on the oscillator a08c(t) and absc (t) are superpositions of string modes of different 
frequency w. From the point of view of an observer localized on the brane, all the relevant 
physics may be encapsulated into the spectral density function p(w), where 

roo aosc(t) = Jo dwp112 (w) exp[-iwt]a(w). (3) 

Any operator localized on the oscillator at time t will be a linear combination of a08c(t) and 
absc(t). The commutation relation for a08c(t) and iibsc(t) yields the following two results: for small 
times, the oscillator behaves as if uncoupled from the string and a quantum on the oscillator 
does not evolve with time; for sufficiently large times, the operators almost commute, which 
means that quanta created in the oscillator escape the oscillator and propagate away along the 
string, becoming inaccessible to an operator localized on the oscillator. 

A variation in the string density, which translates in a variation of the propagation speed, 
leads to a portion of the outgoing wave being transmitted to the right and another being reflected 
to the left back towards the oscillator. The spectral density has a picket fence profile, consisting 
of an ordinary resonance masked by a function with periodically spaced spikes. On the other 
side of the junction, only near a resonance will there be significant penetration of the string 
incoming waves towards the oscillator. This reproduces the effect of the curvature in the bulk 
with the consequent generation of non-locality. 

The case of a time-varying coupling constant with one or more oscillators was also worked 
out. Assuming that the coupling constant is temporarily switched on, quanta are produced by 
parametric resonance, with the in and out vacua related by a Bogoliubov transformation. The 
Bogoliubov coefficients describe the fundamental bulk-brane interaction processes. Of particular 
interest are the coefficients describing oscillator out states, for those are the only states accessible 
to an observer localized on the oscillator. An initial state expressible as a tensor product of 
oscillator and bulk modes becomes highly entangled. The attenuation of the coefficients relating 
the oscillator to itself results from the decay of the oscillator excitations into modes on the 
string. The measurement of the state of the oscillator at late times in terms of the initial state 
will be dominated by the correlations of the bulk modes. It follows that the out annihilation and 
creation operators on the brane abrane out and abt out can be expressed as a linear combination , rane, 
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of abrane,in and abrane,in on the one hand, and of abulk,in(w) and ab,,lk,in(w) on the other. Defining 
Abrane,in and Abulk,in entirely on the brane and in the bulk respectively, both normalized such 
that [Abrane,in ,  Abrane,inl = [Abulk,in •  Abulk,inl = 1 , then there are three possibilities for abrane,out : 

abrane,out cos[B]Abrane,in + sin[B]Abulk,in • 0 ::::: 19 ::;  27r; (4) 

abrane,out cosh[�]Abrane,in + sinh[�]Abu1k ,in ' 0 ::; � < +oo; (5) 

abrane,out sinh[�]Abrane,in + cosh[�]Abulk,in ,  0 ::;  � < +oo. (6) 

The measurement of the perturbations today measures in part the initial state on the brane and 
in part the initial state in the bulk, the relative importance being described by the Bogoliubov 
coefficients. 

Boundary Conditions and Gauge Fixing: The inevitable mixing in the present brane state 
of the brane and bulk states at early times raises the question of how the gauge condition in the 
bulk is preserved. In the presence of a timelike surface moving in the semi-infinite bulk, modes 
may be produced or scattered off by the surface into the bulk which violate the gauge in the 
bulk. The Israel matching conditions provide ten of the required fifteen boundary conditions for 
the degrees of freedom of a five-dimensional spacetime. Although the Israel matching conditions 
must be satisfied in every gauge, they are not sufficient to determine in a specific gauge the 
reflection of the bulk gravitons off the brane. Five supplementary gauge conditions are needed. 
These must be chosen so that no forbidden gauge modes are emitted or reflected by the brane 
into the bulk, thus rendering reflection off the boundary unique and consistent, and prescribing 
the continuation of the gauge into the bulk. 

In Bucher and Carvalho� the appropriate boundary conditions were established both for 
electromagnetic and for linearized gravitational waves. For the case of a planar flat boundary, 
a perfect conductor or a perfect gravitational mirror accordingly, this was solved by considering 
a decomposition into plane waves in the bulk and working out the reflection conditions on the 
brane. For illustration, consider the vector potential A whose time evolution is described by 
Aµ;vv = 0. The residual gauge freedom is characterized by scalars such that A;vv = 0 which 
generate transformations that preserve the Lorentz gauge condition Aµ;µ = 0. In an infinite 
region, once A and its normal derivative have been specified on a Cauchy surface, its propagation 
forward in time is unambiguous because the initial data for A can be propagated from the same 
Cauchy surface. For a semi-infinite region, however, pure gauge modes may propagate in from 
the timelike boundary. Gauge conditions on the boundary are required to specify which pure 
gauge modes are emitted and how they are reflected off the boundary, thus fixing the time 
evolution completely. Consistent with the Lorentz gauge, two physical modes 

and a pure gauge (longitudinal) mode 

µ A 1 µ A 
e(LJ (k) = V2 (et + kµ) 

are found. A fourth polarization is excluded and denoted forbidden 

.µ (k' ) - 1 ( 'µ k· µ) e(F) 
- y'2 et - . 

(7) 

(8) 

(9) 

Inside the conductor, E = B = 0, from which it follows that E11 and BJ_ vanish on the boundary. 
If the gauge inside the conductor is fixed by setting the component of the 4-vector potential 
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parallel to the boundary A = 0, or 
t · A  = 0 , (10) 

then by continuity these components must satisfy Dirichlet conditions at the boundary. Upon 
a reflection off the brane, ex , ey and et switch sign but k and ft remain unaltered. In order 
for incoming longitudinal modes to scatter off the conductor into outgoing longitudinal modes 
without the creation of forbidden ones, then the normal component must satisfy a Neumann 
boundary condition 

V'0(ft · A) =  0. ( 11 )  
Although here physical and pure gauge modes transform separately into physical and pure gauge 
modes respectively, in general they mix. S imilarly the case of linearized metric perturbations ii 
can be considered. Imposing the Lorentz gauge hab;b = V'b[hab - (1/2)g��) h] = 0, it is found that 
the boundary conditions derived from the Israel matching conditions 

a A - A 

an 
(t1 · h · t2) = 0 

are complemented by those for reflection of pure gauge modes 

ft . ii . t1 = 0, �{ft . ii .  ft) = 0 
8n 

to enforce the respect for the gauge condition in the bulk. 

(12) 

( 13) 

For a curved boundary in a curved bulk, where a decomposition in plane waves is no longer 
possible, the supplementary boundary conditions were extrapolated from the previous case and 
modified to account for the curvature. Their consistency with conservation of stress-energy on 
the boundary and the Israel matching conditions was demonstrated. 

The Tensor Propagator: Finally, to describe propagation between two points on the brane, 
the explicit form of the retarded graviton propagator in AdS must be computed. Propagation 
can be described as an expansion of brane localized propagators with insertions of bulk mediated 
propagation.2 The technique developed for scalar degrees of freedom is now being extended to 
tensors using the method described in ref. 4. Relating points � and �' at different tangent 
spaces, tensor propagators are expanded as a combination of a basis of bitensors, invariant at 
each tangent space and upon (� H �') ,  where the coefficients are functions of the invariant 
separation between the points. 

Work in progress5 applies the formal results developed so far to the actual problem of com­
puting the evolution of the cosmological perturbations of the coupled brane-bulk system for 
various expansion histories and various choices for the physical degrees of freedom on the brane. 
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DARK ENERGY ACCRETION ONTO BLACK HOLES 
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Solution for a stationary spherically symmetric accretion of the relativistic perfect fluid with 
an arbitrary equation-of-state p(p) onto the Schwarzschild black hole is presented. It is shown 
that accretion of phantom energy is accompanied with a gradual decrease of the black hole 
mass. Masses of all black holes tend to zero in the phantom energy universe approaching to 
the Big Rip. 

1 Introduction 

Our Universe apparently undergoes a period of accelerated expansion. In the framework of 
General Relativity this means that a considerable part of the cosmological density consists of 
dark energy component with a negative pressure 1 .  There are several theoretical candidates for a 
dark energy in the universe: cosmological constant (vacuum energy) , dynamically evolving fields 
such as quintessence 2 or a more general k-essence 3 and geometrical dark energy (deviation from 
General Relativity including extra-dimensional generalizations) . The dynamical dark energy 

, models seem to be more realistic in resolving the problem of fine-tuning as they admit to 
construct "tracker" 4 or "attractor" 3 solutions without addressing to the antropic principle. 

One of the peculiar feature of the cosmological dark energy is a possibility of the Big Rip 
scenario 5: the infinite expansion of the universe during a finite time. The Big Rip scenario is 
realized if a dark energy is in the form of the phantom energy with p + p < 0. In this case 
the Big Rip scenario provides the unrestrained growing of the cosmological phantom energy 
density grows and as a result the disruption of all bound objects up to subnuclear scale. Note, 
however that the condition p + p < 0 is not enough for the realization of the Big Rip 6 . A model 
independent analysis of the supernova data 7 showed that a presence of the phantom energy 
with an equation-of-state -1 .2 < w < -1 is preferable in the present moment of time. Some 
analogy between phantom and QFT in curved space-time may be traced 8. The entropy of the 
universe with phantom energy is discussed in 9. On quantum level the phantom dark energy can 
be described as an unstable scalar ghost field. Possible ultraviolet stabilization of phantom field 
may be achieved e. g. by combining the scalar and vector fields 10 .  Nevertheless the physical 
origin of dark energy is still controversial. 

Usually the evolution of quintessence or k-essence are considered in view of cosmological 
problems. However in the presence of compact objects such as black holes, the behavior of dark 
energy should be sufficiently different from that in the cosmological consideration. Indeed, what 
would be the fate of black holes in the universe filled with the phantom energy and approaching 
to the Big Rip? In contrast to the ordinary bound objects, the black holes cannot be disrupted 
in any classical processes. Recently we showed that all black holes gradually decrease their 
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masses and finally disappear very near the Big Rip 1 1 . 
Here we study in details the stationary accretion of dynamical dark energy into the black 

hole. As a model of dark energy we consider the relativistic perfect fluid with a negative pressure. 
The regular investigation of an accretion of perfect fluid on the compact objects is started since 
a formulation of the Bondi problem in the newtonian approximation 12 .  The corresponding 
relativistic formulation of the perfect fluid accretion problem onto the Schwarzschild black hole 
were made by Michel 13 for the case of a polytropic equation-of-state. Below we describe the 
solution for a stationary accretion of the relativistic perfect fluid with an arbitrary equation-of­
state p(p) onto the Schwarzschild black hole. Using this solution we show that the black hole 
mass diminishes by accretion of the phantom energy. Masses of all black holes gradually tend 
to zero in the phantom energy universe approaching to the Big Rip. The diminishing of a black 
hole mass is caused by the violation of the energy domination condition p + p � 0 which is 
a principal assumption of the classical black hole 'non-diminishing' theorems 14 .  The another 
consequence of the existence of a phantom energy is a possibility of traversable wormholes 15 . 
In 16• 17• 18• 19 authors studied the accretion of scalar quintessence field onto black hole, using the 
specific quintessence potentials V(q)) for obtaining the analytical solutions for black hole mass 
evolution. We use here an essentially different approach for the description of dark energy 
accretion onto a black hole. Namely, we model the dark energy by perfect fluid with a negative 
pressure. 

2 General equations 

Let us consider the spherical accretion of dark energy onto a black hole. We assume that the 
dark energy density is sufficiently low, so that the space-time geometry can be described by the 
Schwarzschild metric (i . e .  the test field approximation) . We model the dark energy by a perfect 
fluid with energy-momentum tensor: Tµv = (p + p)uµuv - P9µv , where p is the density and p 
is the pressure of the dark energy and Uµ is the four-velocity uµ = dxµ /ds of the fluid. The 
integration of the time component of the energy-momentum conservation law Tµ�v = 0 gives the 
first integral of motion ( 2 ) 1/2 

(p + p) 1 - ;: + u
2 x2u = C1 , (1) 

where x = r/M, u = dr/ds and C1 is a constant determined below. Given the equation-of-state 
p = p(p) , one can introduce the function n by the relation: 

dp dn 

p + p n 
(2) 

The function n plays a role of an effective particle number density ( 'concentration') in the fluid. 
At the same time, one can use n for the formal description of the fluid without correlation with 
any physical particles. In this case n is an auxiliary function. For a general equation-of-state, 
p = p(p), we obtain from (2) the following solution for n: 

n(p) dp' ( p ) noo - i p' + p(p') ' 

-- - exp (3) 

From the conservation of energy-momentum along the velocity uµTµv;v = 0, using (3) we obtain 
the another first integral: 

n(p) 
ux2 = -A , (4) 

noo 
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where n00 (an effective 'concentration' of the dark energy at the infinity) was introduced formally 
for convenience. In the case of inflow u = (dr/ds) < 0, and the constant A >  0. From ( 1 )  and 
(4) one can easily obtain 

where 

p + p 
( 2 ) 1/2 

-
n
- 1 -

;; 
+ u2 = C2, 

c2 = Poo 
+ P(Poo) 

n(poo) · 

(5) 

(6) 

Let us now calculate the radial 4-velocity component and the fluid density on the event horizon 
of the black hole, r = 2M. Setting x = 2, we obtain from Eqs. (4) , (5) and (6) 

A PH + P(PH) 

4 Poo + P(Poo) 
(7) 

where PH is the density on the x = 2 horizon. Thus, having specified the density at infinity P=• 

the equation of state p = p(p) , and the flux A and using definition (2) of the concentration, we 
can calculate the fluid density PH on the event horizon of the black hole from (7) . Given the 
density on the horizon PH, we can easily determine the radial fluid 4-velocity component on the 
horizon from ( 4) : 

A n(p00) 
UH = -- -- . 

4 n(pH) 
(8) 

We will see below that the constant A which determines the flux is fixed for fluids with 8p/ 8p > 0. 
This can be done through finding of the critical point. Following Michel 13 we obtain the 
parameters of critical point: 

where 

2 
1 

u
. 

= 
2x. ' 2 u; 

V. = 1 - 3u2 ' 
• 

v2 = 
_n_ d(p + p) - 1 . 
p + p dn 

(9) 

(10) 
From this by using (2) it follows that V2 = c;(p), where c; = 8p/8p is the squared effective 
speed of sound in the media. Combining (5) , (6) , (9) and (10) we find the following relation: 

P• + p(p. ) 
= [l + 3c2 ( .)] 1/2 Poo + P(Poo)

, 
n(p.) 

8 p 
n(p=) 

( 1 1 )  

which gives the p. for an arbitrary equation-of-state p = p(p) . Given p. one can find n(p. ) 
using (3) and values x., u. , using (9) and (10) . Then substituting the calculated values in ( 4) 
one can find the constant A. Note that there is no critical point outside the black hole horizon 
(x. > 1) for c; < 0 or c; > 1 .  This means that for unstable perfect fluid with c; < 0 or 
c; > 1 a dark energy flux onto the black hole depends on the initial conditions. This result 
has a simple physical interpretation: the accreting fluid has the critical point if its velocity 
increases from subsonic to trans-sonic values. In a fluid with a negative c; or with c; > 1 the 
fluid velocity never crosses such a point. It should be stressed, however, that fluids with c; < 0 
are hydrodynamically unstable (see discussion in 21·22) . The Eq. (5) together with (3) and (4) 
describe the requested accretion flow onto the black hole. These equations are valid for perfect 
fluid with an arbitrary equation-of-state p = p(p) , in particular, for a gas with zero-rest-mass 
particles (thermal radiation) and for a gas with nonzero-rest-mass particles. For a nonzero-rest­
mass gas the couple of equations ( 4) and (5) is reduced to similar ones found by Michel 13 .  One 
would note that the set of equations (3) , ( 4) and (5) are also correct in the case of dark energy 
and phantom energy p + p < 0. In this case concentration n(p) is positive for any p and constant 
C2 in (5) is negative. 
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The black hole mass changes at a rate M = -47rr2T0r due to the fluid accretion. With the 
help of ( 4) and ( 5) this can be expressed as 

( 12) 

It follows from ( 1 2) that a black hole mass increases as it accretes e. g. a gas of particles when 
p > 0, but decreases as it accretes the phantom energy when p + p < 0. In particular, this 
implies that the black hole masses in the universe filled with phantom energy must decrease. 
This result is general. It does not depend on the specific form of the equation-of-state p = p(p); 
only the satisfaction of the condition p + p < 0 is important. The physical cause of the decrease 
in the black hole mass is as follows: the phantom energy falls to the black hole, but the energy 
flux associated with this fall is directed away from the black hole. If we ignore the cosmological 
evolution of the density p00, then we find the law of change in the black hole mass from ( 12) to 
be ( t ) -1 

M = M; 1 - -:;: , 

where M; is the initial mass of the black hole, and T is the evolution time scale 

T = 1 / { 471" AM;[poo + P(Poo)] }  · 

3 Model with a Linear Equation-of-State 

Let us consider the model of dark energy with a general linear equation-of-state 

P = a(p - Po) ,  

(13) 

( 14) 

( 15) 

where a and po are constants. Among the other cases, this model describes an ultrarelativistic 
gas (p = p/3) ,  a gas with an ultra-hard equation-of-state (p = p), and the simplest model of 
dark energy (po = 0 and a < 0). The quantity a is related to the parameter w = p/ p of the 
equation-of-state by w = a(p - po)/ p. An equation-of-state with w = canst < 0 throughout the 
cosmological evolution is commonly used to analyze cosmological models. The matter with such 
an equation-of-state is hydrodynamically unstable and can exist only for a short period. Our 
equation-of-state (15) for a > 0 does not have this shortcoming. For a > 0, it also allows the 
case of hydrodynamically stable phantom energy to be described, which is not possible when 
using an equation-of-state with w = canst < -1 .  In the real Universe, the equation-of-state 
changes with time (i. e . ,  w depends on t ) .  Therefore, Eq. ( ( 15) has a physical meaning of an 
approximation to the true equation-of-state only in a limited p range. From the physical point 
of view, the condition p > 0 must be satisfied for any equation-of-state in a comoving frame of 
reference. In particular, the state of matter with p = 0, but p 7' 0, is physically unacceptable. 
The corresponding constraints for the equation-of-state (15) are specified by conditions (23) and 
(24) given below. For a < 0, there is no critical point for the accreted fluid fl.ow. For a > 0, 
using (9) we obtain the parameters at the critical point 

1 + 3a 
x, = �, 2 a 

u
, 

= 1 + 3a 
( 16) 

Note that the parameters of the critical point ( 16) in the linear model (15) are determined 
only by 8p/8p = a  and do not depend on po, which fixes the physical nature of the fluid under 
consideration: a relativistic gas, dark energy, or phantom energy. Note also that no critical point 
exists beyond the event horizon of the black hole for a > 1 (this corresponds to a nonphysical 
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situation with a superluminal speed of sound) . Let us calculate the constant A, which defines 
the energy flux onto the black hole. We find from (3) that 

I 1 1/(l+n) 
n Pelf - = -- , 

noo Peff,oo 
( 1 7) 

where we introduce an effective density Pelf =  p + p = -poa + (1 + a)p. Using ( 1 1 )  we obtain 

Pelf. = ( l  + 3a) l/2, 
( ) n/(l+n) 

Pelf,oo 
( 18) 

where Pelf. and Pelf,00, are the effective densities at the critical point and at infinity, respectively. 
Substituting (18) into ( 1 7) and using ( 4),  we obtain for the linear model 

(1 + 3a) (l+3n)/2a 
A =  4cY.312 (19) 

It is easy to see that A 2 4 for 0 < a < 1 .  A = 4 for a = 1 (this corresponds to c8 = 1 ) ; i .e. , the 
constant A is on the order of 1 for relativistic speeds of sound. Using (19) , we obtain from (14)  

[ (1 + 3a) (l+3n)/2a ] - l 
T = 1rMi (Poo + Poo) a3/2 (20) 

To determine the fluid density on the event horizon of the black hole, we substitute (17) into 
(7) to yield 

- apo ( - apo ) (�) (l+a)/(1-a) 
PH -

l + a + Poo l + a 4 ' (21)  

where A is  given by (19) .  For 0 < a < 1 ,  the effective density on the horizon Pelf,H cannot be 
lower than Pelf,oo · A radial 4-velocity component on the horizon can be found from (8) and (21 ) :  

_ (A ) -a/(1-n) 
Utt - - 4 , (22) 

The value of UH changes from 1 to 1/2 for 0 < a < 1 .  
A linear model (15) describes the phantom energy when p00/ po < a / ( 1  + a) .  In  this case, 

p + p < 0. However, the requirement that the density p be nonnegative should be taken into 
account. This parameter can formally be negative in the range 0 < a :S: 1 .  Such a nonphysical 
situation imposes a constraint on the linear model ( (15) under consideration. For a physically 
proper description of the accretion process, we must require that the density p be nonnegative. 
We obtain the following constraint on the validity range of the linear model from (21) for 
hydrodynamically stable phantom energy: 

_a_ [1 - (� ) -(l +a)/(1-a)] 
< Poo < _a_ . (23) 

l + a  4 Po l + a  

As follows from (23),  at a given a, we can always choose the parameters Po and p00 in such a 
way that p > 0 for any r > 2M. On the other hand, the model (15)  describes the quintessence 
(not the phantom energy) for the entire r range only if p < 0. Consequently, a physically proper 
description of the quintessence can be obtained from (21) if 

_a_ < Poo < _a_ [� + (�) -(l+a)/(1-a)] 
. (24) 

l + a p0 l + a a 4 

For some specific choices of a in linear model (more specifically, for a =  1/3,  1/2, 2/3, and 1 )  
and also in the case of Chaplygin Gas with p = -a/p, the corresponding radial functions p(x) 
and u ( x) can be calculated analytically 11 . 
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4 Dark Energy Accretion onto a Moving and Rotating Black Hole 

Let us consider the accretion onto a moving and rotating black hole in the special case of a 
linear equation-of-state with a =  1. The condition a = 1 allows an exact analytical expression 
to be derived for the accretion rate of dark energy onto a black hole. For a = 1 ,  we easily find 
from ( 17) that 

n I Peff 1 112 
noo 

= 
Peff ,oo 

(25) 

We have the continuity equation for the particle number density (nuµ) ;µ = 0. Let us introduce 
the scalar field ¢ in terms of which the fluid velocity can be expressed as follows (there is no 
torsion in the fluid) :  

p + p  

---;:- Uµ = </J,µ-

Using (25) and (26) we derive an equation for the auxiliary function ¢: 

¢1(°µ = 0. 

(26) 

(27) 

Exactly the same equation arises in the problem of the accretion of a fluid with the equation­
of-state p = p. Thus, we reduce the problem of a black hole moving in dark energy with an 
equation-of-state p = p - po to the problem of a fluid with an extremely hard equation-of-state, 
p = p. Using the method suggested in 23 ,  we obtain the mass evolution law for a moving and 
rotating black hole immersed in dark energy with the equation-of-state p = p - po: 

(28) 

where r + = M + (M2 - a2) 112 is an event horizon radius of a rotating black hole, a = J/M 

is a specific angular momentum of the black hole (rotation parameter) ,  and u� is the zeroth 
4--velocity component of the black hole relative to the fluid. Expression (28) for u�H = 0 reduces 
to (12) for a Schwarzschild (a = 0) black hole at rest. 

5 Black Holes in the Big Rip Universe 

Now we turn to the problem of the black hole evolution in the universe with the Big Rip when 
a scale factor a(t) diverges at finite time 5. For simplicity we will take into account only dark 
energy and will disregard all others forms of energy. The Big Rip solution is realized for in 
the linear model ( 15) for p + p < 0 and a <  -1 .  From the Friedman equations for the linear 
equation-of-state model one can obtain: IP + Pl ex a-3(Ha) . Taking for simplicity po = 0 we find 
the evolution of the density of a phantom energy in the universe: 

where 

( t ) -2 
Poo = Poo,i 1 - -;: , 

3(1  + a) (87!' 
·) 1/2 

2 3 
Poo,i 

(29) 

(30) 

and Poo,i is an initial density of the cosmological phantom energy and the initial moment of time 
is chosen so that the 'doomsday' comes at time T. From (29) and (30) it is easy to see that 
the Big Rip solutionis realized for a = ap/ap < -1 .  In general, the satisfying the condition 
p + p < 0 is not enough for the possibility for Universe to come to Big Rip. From (12) using 
(29) we find the black hole mass evolution in the universe coming to the Big Rip: ( Mi t ) -1 

M = Mi l + -. - -- , 
Mo T T - t (31) 
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where 
(32) 

and Mi is the initial mass of the black hole. For a: =  -2 and typical value of A =  4 (corresponding 
to Utt = -1) we have Mo = 3/8. In the limit t --+  T (i.e. near the Big Rip) the dependence 
of black hole mass on t becomes linear, M c:=  Mo (r - t) .  While t approaches to T the rate of 
black hole mass decrease does not depend on both an initial black hole mass and the density of 
the phantom energy: M c:=  -Mo. In other words masses of all black holes in the universe tend 
to be equal near the Big Rip. This means that the phantom energy accretion prevails over the 
Hawking radiation until the mass of black hole is the Planck mass. However, formally all black 
holes in the universe evaporate completely at Planck time before the Big Rip due to Hawking 
radiation. 

6 Scalar field accretion 

In remaining let us confront our results with the calculations of (not phantom) scalar field 
accretion onto the black hole 16• 17• 18• 19 .  The dark energy is usually modelled by a scalar field rf> 
with potential V(rf>). The perfect fluid approach is more rough because for given 'perfect fluid 
variables' p and p one can not restore the 'scalar field variables' r/> and V ¢. In spite of the pointed 
difference between a scalar field and a perfect fluid we show below that our results are in a very 
good agreement with the corresponding calculations of a scalar field accretion onto the black 
hole. The standard-form Lagrangian of a scalar field is L = K - V, where K is a kinetic term of 
a scalar field r/> and V is a potential. For the standard choice of a kinetic term K = r/>;µr/>;µ /2 the 
energy flux is Tor = r/>,trl>,r· Jacobson 16 found the scalar field solution in Schwarzschild metric 
for the case of zero potential V = 0: r/> = ¢00[t + 2M ln(l - 2M/r)J , where ¢00 is the value of the 
scalar field at the infinity. In 18 it was shown that this solution remains valid also for a rather 
general form of runaway potential V(rf>) . For this solution we have T0r = -(2M)2¢�/r2 and 
correspondingly M = 4n(2M)2¢�. 

The energy-momentum tensor constructed from Jacobson solution completely coincides with 
one for perfect fluid in the case of ultra-hard equation-of-state p = p under the replacement 
p00 --+ ¢'?x,/2, p00 --+ ef;'?x,/2. It is not surprising because the theory of a scalar field with a zero 
potential V(r/>) is identical to perfect fluid consideration 24 • In a view of this coincidence it is easily 
to see the agreement of our result (12) for M in the case of p = p and the corresponding result 
of 16• 18 . To describe the phantom energy the Lagrangian of a scalar field must have a negative 
kinetic term 5, e. g., K = -r/>;µr/>;µ /2 (for a more general case of negative kinetic term see 20) .  In 
this case the phantom energy flux onto black hole has the opposite sign, Tor = -r/>,tr/>,r i where r/> 
is the solution of the same Klein-Gordon equation as in the case of standard scalar field, however 
with a replacement V --+ -V. For zero potential this solution coincides with that obtained by 
Jacobson 16 for a scalar field with the positive kinetic term. Lagrangian with a negative kinetic 
term and V(rf>) = 0 does not describe, however, the phantom energy. At the same time, the 
solution for scalar field with potential V(rf>) = 0 is the same as with a positive constant potential 
Vo = const, which can be chosen so that p = -¢2 /2 + Vo > 0. A corresponding scalar field 
represents the required accreting phantom energy p > 0 and p < -p and provides a black hole 
decreasing with the rate M = -4n(2M)2ef;'?x,. A simple example of phantom cosmology without a 
Big Rip25 is realized for a scalar field with the potential V = m2¢2 /2, where m � 10-33 eV. After 
short transition phase this cosmological model tends to the asymptotic state with H c:= mrj;/3112 
and ¢ c:= 2m/3112. In the Klein-Gordon equation the m2 term (with a mentioned replacement 
V --+ -V) is comparable to other terms only at the cosmological horizon distance. This means 
that the Jacobson solution is valid for this case also. Calculating the corresponding energy flux 
one can easily obtain M = -4n(2M)2ef;'?x, = -64M2m2/3. For Mo = M8 and m = 10-33 eV 
the effective time of black hole mass decrease is r = (3/64)M-1m-2 � 1032 yr. 
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SUPERSYMMETRIC FD-HYBRID INFLATION 

Bjorn Garbrecht 
School of Physics fj Astronomy, The University of Manchester 

Oxford Road, Manchester M13 9PL, UK 

We present Fa-inflation, a variant of supersymmetric F-term hybrid inflation with a subdomi­
nant D-term, which controls the decay of heavy gauge-sector fields produced during preheating 
after inflation. Late decays of these particles give rise to an entropy release and therefore to 
dilution of gravitinos which would otherwise be in conflict with big-bang-nucleosynthesis. Af­
ter inflation, the inflaton acquires a vacuum expectation value of TeV-scale, which gives rise to 
the µ-term of the MSSM as well as to Te V-scale Majorana masses for right-handed neutrinos. 
Baryogenesis takes place through thermal resonant leptogenesis. 

Supersymmetric models for hybrid inflation l ,2 are of great interest, as they tie together 
particle physics beyond the Standard Model with the inflationary paradigm. As a consequence, 
they may not only be tested through their predictions for the spectrum of primordial density 
fluctuations. They also should implement a successful scenario for hot Big Bang cosmology with 
a viable ><J.echanism for baryogenesis and have to avoid on the other hand the overproduction of 
unwanted relics, such as topological defects and gravitinos. Finally, their predictions might also 
be directly accessible to future laboratory experiments, such as the LHC. 

An intriguing observation is that due to soft supersymmetry breaking, the singlet inflaton 
naturally acquires an electroweak-scale vacuum expectation value. When coupling the inflaton 
to the MSSM Higgs fields, one therefore obtains a µ-term of supersymmetry breaking scale, 
providing a relation between electroweak and SUSY scales3 . One may however see a disadvantage 
in this model, since it requires small superpotential couplings for the inflaton of less than 10-5 
in order not to lead to a high reheat temperature inducing the overproduction of gravitinos. 

Here we present a recently suggested model 4 which assumes that the gauge symmetry of the 
inflaton-waterfall sector is a U ( l )x ,  which is hidden to the MSSM sector. Let us consider the 
superpotential 

w 
- ( - - 2) - - - p - - - v - - - (µ=0) K S  X1X2 - M + A SHuHd + 2 S NiNi + hijLiHuNj + WMSSM , ( 1 )  

where Wiis�� is the MSSM superpotential without the µ-term. The inflaton singlet i s  denoted by 
S, and X1,2 are chiral superfields of U( l )x-charge one and minus one, respectively. The MSSM­
Higgs fields are denoted by ffu,d, and there are three right handed neutrinos Ni , i = 1., . . .  , 3 .  
We assume that the coupling of  the inflaton to  the N, i s  at tree level 0(3 )-symmetric, which 
opens up the possibility of baryogenesis by low-scale resonant leptogcnesis 5 ·6 .  

The superpotential ( 1 )  i s  of  the form suitable for standard F-term inflation. In  the D-term 
potential VD ,  we allow for a subdominant Fayet-Iliopoulos term ffiFJ 2 

VD = 98 (1xi 12 - IX2 12 - m�I r , (2) 
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Figure l: The thermal history of the Universe in the Fo -model. 

where g is the U( l}x gauge-coupling constant. The Fayet-Iliopoulos term may be radiatively 
generated after the breakdown of U(l }x and is then naturally subdominant when compared to 
M. At the end of inflation, the usual waterfall transition occurs after which the waterfall fields 
attain the vacuum expectation values X1 ,2 = M, S = 0. The mass eigenstates are then given by 

1 X± = y'2 (X1 ± X2) ,  (3) 

where X+ is of mass v'2"'M and X_ of mass gM. These types of particles are both produced 
through preheating during the waterfall transition. The key observation is that for mp1 = 0, the 
superpotential ( 1 )  and the D-term potential are invariant under a discrete D-parity, X1 --+ X2 
or equivalently X± --+ ±X± . As a consequence, the superheavy g-sector particles X_ are stable 
unless mp1 I 0, which then allows for their decay into K,-sector X+-particles. 

Therefore, the X_ particles may dominate the energy density of the Universe after inflation 
until they decay at late times, cf. Figure 1 .  This late time decay leads to a dilution of gravitinos, 
such that a gravitino abundance in accordance with big bang nucleosynthesis can be achieved 
without the requirement of tiny tree-level couplings. 

An extensive analytical and numerical study of the thermal history of the Universe as well 
as a discussion of other issues such as topological defects is subject of work in progress 7 , demon­
strating explicitly the viability of the the FD-model. We also present a detailed discussion of the 
consequences for collider phenomenology. In conclusion, the FD-model represents a formulation 
of a minimal model for cosmology and particle physics. Its motivation is beyond a purely em­
pirical level, since it avoids fine tunings, most importantly the gauge hierarchy problem by the 
incorporation of the MSSM; and it will be testable by collider experiments in the near future. 

The author acknowledges fruitful collaboration with Constantinos Pallis and Apostolos Pi­
laftsis on this topic. 
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WMAP Constraints on Dissipative Models of Inflation 

Lisa M. H. Hall 
Department of Applied Mathematics, University of Sheffield, Sheffield, S3 7RH, England 

\Ve explore the parameter space of dissipative inflation. In this class of models, non­
equilibrium effects lead to a damping term in the equation of motion. In turn, the inflationary 
field (called the inflation) dissipates energy in the form of radiation, thereby preventing the 
universe from supercooling. Distinguishable power spectra characteristics have been identified 
from dissipative models, including oscillatory features. A crude parameter analysis showed 
that reasonable values of the model's parameters give a good fit to the WMAP data. An 
MCMC analysis of the parameter space of several dissipative models has been undertaken 
using WMAP data. Characteristics unique to these models will be discussed and constraints 
are placed on the level of dissipation in inflation. 

1 Introduction 

In the original model of inflation, the early universe undergoes exponentiat expansion and su­
percools as a result of a radiation redshift1 . A subsequent, independent phase of reheating is 
required to return the universe to a radiation dominated state 2--{l .  

This original picture ignores any interaction of the inflationary scalar field. It was, however, 
shown that interaction with a thermal bath leads to an additional friction term in the equation 
of motion7.  Hence, if the universe begins in a thermally excited state, the inflaton equation of 
motion should pick up a sizable friction term from such interaction�. The interaction results 
in radiation production, which prevents the universe from supercooling. This effect lead to the 
name warm inftatiori! . Since the characteristic friction terms are not limited to finite temperature 
effects, the more general name dissipative inflation shall be adopted here. Over the past years, 
dissipative models have been shown to be a valid description of the early universe. l O -l S .  

A study of the cosmological perturbations noted interesting characteristics in the power 
spectra from dissipative inflation2° ; running of the spectral index is predicted, while temperature 
dependent coupling between the field perturbations can lead to oscillatory spectra. A crude best­
fit parameter estimation was completed with the first year WMAP data (WMAPI) 19  for one 
rnode�1 . In this case, parameters exist which map one model of warm inflation to observational 
CMB data. 

I discuss an initial Markov Chain Monte Carlo (MCMC) parameter walk for the dissipative 
parameters using CosmoMd7. Only the results from the first-year WMAP data will be dis­
cussed; results from the WMAP second release data will be published elsewhere. Several models 
of dissipation are considered and a general form for the friction term is investigated. 
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Figure l: Case I: Preliminary \VMAPI marginalised constraints on the dissipative parameters, µ,¢0,fo 

2 Dissipative Dynamics 

In an expanding, homogeneous universe, the dissipative infiaton equation of motion is given by 

¢, + (3H + r)¢ + V:<ti = 0, ( 1 )  

where V(ij>, T) i s  the thermodynamic potential and I'(¢, T) is the damping term due to interac­
tions between the infiaton ¢ and surrounding fields. 

Accounting for dissipation, the zero curvature Friedmann and continuity equations become 

3H2 = 8� (�¢2 + V(¢>) + Pr) , 
mpl 

. · 2 Pr + 4H Pr = I'¢> . (2) 

When r = I'(¢, T), the perturbed equation of motion leads to a non-trivial coupling of 
the perturbed radiation and infiaton fields, which leads to oscillations in the spectrum. For 
the extent of this work, the fluctuations are taken to be thermally generated. The dissipative 
inflationary dynamics are described in Hall et afll , where a full discussion of the background 
and perturbation solutions can be found. 

It is convenient to adopt a general form for the friction term 

( ¢> ) " (To) 13 r(¢>, T) = I'o 
<Po T 

(3) 

Choices of a and f3 relate to specific dissipative models. When a = f3 = 0, the friction term is 
a constant, which is not physical. We will consider three cases: 

• Case I a = 1, f3 = 0 

• Case II a = 2, f3 = 0 

• Case III a = 2, f3 = 1 

which are aimed to cover a wide range of possible friction terms. The expected curvature 
perturbation power spectra, Pn, for these models have already been explorecf0•21 .  Case I leads 
to a fiat spectrum of curvature perturbations, with an inherent amount of blue to red running. 
Case III exhibits oscillations in the power spectrum, with diminishing amplitude for increasing 
wavenumber. 

Case I represents the two-tier, zero-temperature model proposed by Berera and Ramo8l8•26 . 
The friction term is calculated using a close-to-equilibrium approach and can be approximated 
by 

(4) 

Case III simulates the original Hosoya and Sakagami mode!7, in which the infiaton interacts 
with a heat bath of temperature, T, with coupling, g: 

g4¢2 
r(¢>, T) ex: T " (5) 
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Figure 2: Case II: Preliminary vVlvlAPI marginalised constraints on the dissipative parameters, µ,¢0 ,f0 

Case I Case II 
µ [GeVJ 1.9 x 10'" 8.5 x 10 
¢0 [.l\fpi] 6.2 2 .3  
fo [GeV] 7.5 x 10 12 2.3 x 10 13 

lnC 727.1 726.6 

Table 1 :  Best fit values for the dissipative parameters for Cases I and II 

The chosen inflaton potential originates from soft supersymmetry breaking: 

(6) 

3 Numerical Simulation 

A numerical code has been developed for calculating the power spectrum from dissipative 
modeb:w. The code integrates both the background and perturbative equations in order to 
calculate the curvature power spectrum. 

In combination with CosmoMC, the code allows a full exploration of the parameter space of 
dissipative models. While the cosmological parameters were included in the Monte Carlo walk, 
this talk concentrates on the dissipative parameters; we have marginalised over the cosmological 
parameters. Two priors have been assumed on the friction coefficient. Firstly, strong dissipation 
is assumed, r > 3H (due to the calculation of thermal fluctuations) and the code cannot 
simulate the supercooled limit (r -+ 0).  Note, however, that slow-roll supercooled inflation 
cannot occur with this potential, since the standard slow-roll equations are difficult to satisfy. 
Secondly, for large values of the friction term, the inflaton rolls extremely slowly and large 
numbers of e-folds, N, can be obtained. Since the friction term is proportional to perturbative 
coupling constants, large friction terms are seemingly unphysical and a large N cut-off has been 
implemented, (N < 300). In these limits, the code defaults to an abnormally large power 
amplitude and exploration of those regions is suppressed. 

4 Results 

For cases I and II, the allowed regions of parameter space are shown in Fig. 1 and Fig.2 respec­
tively. The lu and 2u contours are shown. Note that, at the time of writing, the MCMC chains 
are non-convergent, explaining the irregular parameter regions. It is noticeable that several dis­
tinct regions of likelihood appear in the parameter space; in particular. case II appears bimodal . 

It is not clear at present, whet.her this effect is due to the non-convergence or if the likelihood 
surface is multimodal. 

The best fit parameters are given in Table 1 . Notice that the energy scale of the potential, µ,  
is extremely high. In case II ,  this scale is  higher, but the scale of the inflaton, </>o , is decreased. 
The x2 values are also given in terms of the likelihood, £, where x;ff = -2 ln L. 
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Case I can be physically related to the two-tier model of Berera and Ramos, as in Eqn.(4). 
If g � h, the approximate la bound, 0.3 < ro < 2.0, corresponds to 0.19 < g < 0.30, which is 
within the perturbative regime. 

For case III, oscillatory spectra are observed, with decreasing amplitude, as expected. It is 
widely accepted that the primordial power spectrum needs to be closely scale invariant to explain 
the acoustic structure in the CMB. However, each oscillation has its minimum at 'Pk = 0, which 
ultimately implies zeroes in the acoustic spectrum. A variation in µ or r0 results in a change 
in overall amplitude, while a difference in ¢0 leads to a phase change. None of the parameters 
helps to recover a scale invariant spectrum. Since WMAP does not see such a strong deviation 
from scale invariance, oscillations on this scale can be instantly ruled out. 

5 Conclusion 

A full MCMC analysis has been completed for dissipative models of inflation, in which an addi­
tional friction term r dominates over the expansion, H. Three models of dissipation, described 
by the parameters, µ, ¢0 and r0 , were compared to the first year WMAP data. In each case, 
the power spectrum was altered due to the dissipative terms. For two cases, in which r = r(¢), 
the 1 and 2a parameter regions were found and best fit values are found to be within physically 
acceptable bounds. The results have been compared to particle physics models of dissipation, 
with good agreement. The third case, in which r = r(¢, T) ,  oscillatory spectra differ too greatly 
from scale invariance. This results in a poor fit to the CMB. At the time of writing, the MCMC 
chains had not converged and only the preliminary results have been given. Fully converged 
chains compared to the WMAPII data will be published elsewhere. The work in this talk was 
completed in full collaboration with Hiranya Peiris, at KICP, Chicago. 
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Looking for TransPlanckia in the CMB 

Hae! Collins 
Department of Physics, University of Massachusetts, Amherst MA 01003 

R. Holman 
Department of Physics, Carnegie Mellon University, Pittsburgh PA 15213 

The exponential stretching of length scales during inflation leads to the possibility that effects 
occurring at the smallest distance scales might be imprinted on large scale observables such 
as the CMB power spectrum. To be able to make credible predictions, we need to be able 
to construct an effective theory that absorbs the effects of new physics that could modify the 
initial state of inflaton quantum fluctuations. We provide such a formalism in terms of an 
effective initial state. We describe the formalism, the divergence structure of the effective 
theory and describe how it will be applied to computing TransPlanckian effects in inflation 

1 Introduction 

Observational data lend credence to the idea that the primordial metric perturbations observed 
in the CMB1 were produced during an inflationary epoch in the early universe. In fact, the data 
are strong enough to be able to constrain various models of inflation; as an example, WMAP3 
data1 together with large scale structure information places severe pressure on inflationary mod­
els based on certain power law potentials for the inflaton2• 

While only 60-70 e-folds of inflation are necessary to solve the various fine tuning problems 
inflation was devised to deal with, most models tend to inflate for many more e-folds than this. 
As a consequence, length scales corresponding to the largest cosmological structures today had 
their origin in quantum fluctuations whose length scales corresponded to sub-Planckian sizes 
during inflation. A natural question to ask is the following: if the length scales can be stretched 
from sub-Planckian sizes to cosmological, can physical effects from scales smaller than the Planck 
length be imprinted on cosmological observables such as the CMB? This is the "trans-Planckian" 
problem3 of inflation; we will take "trans-Planckian" here to mean energy scales larger than the 
Hubble scale during inflation. 

While it has been dubbed a problem, this peculiar effect of inflation could just as easily 
be called an opportunity. The downside of this effect is that if it did happen, it would be an 
egregious violation of the notion of decoupling of scales which underlies most of physics. If such 
an infiltration of short-distance physics could propagate to the longest distance measured, we 
would have a difficult time in understanding why we have been able to neglect this effect in high 
energy collisions, for example. On the other hand, there is an incredible upside if the physics 
scales up. In this case, measurements of the CMB would be able to access physics well beyond 
any currently envisaged accelerator. 

It is this possibility that motivates us to find ways to accurately estimate the size of generic 
trans-Planckian signals. Our approach is to develop an effective theory description of this effect. 
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This is based on a perturbative expansion that uses the smallness of the ratio of the two natural 
scales-H, the Hubble scale during inflation and M, the scale associated with new physics. If 
the signal were only suppressed by H / M, it could conceivably be observed in the not too distant 
future. 

From the perspective of the effective theory principle, new physics can appear in either 
the time evolution of the infiaton and its fluctuations or in their "initial" states. The first of 
these-how the system evolves-is more familiar since the evolution of the quantum fluctuations 
of the infiaton is determined by its interaction Hamiltonian. The form of the general set of 
possible corrections that we can add to this Hamiltonian, encoding the effects of the unknown 
physics, is rather constrained by the space-time symmetries. Given these constraints, the size of 
the corrections from the unknown physics relative to the leading prediction for an inflationary 
model is usually suppressed by a factor4 of (H / M)2 . The other ingredient-the state of the 
inflaton-is more directly related to the trans-Planckian problem because it is the details of the 
initial state we have chosen which are being stretched to vast scales. The leading correction 
from these effects is typically much less suppressed, scaling instead5 as H/M. 

In this article, we will concentrate on the effect of trans-Planckian physics on the initial 
state6 . We give a general parametrization of this initial state that contains corrections to the 
standard initial state in both the IR as well as the UV. We then discuss how the renormalization 
program is modified in the presence of this state and discuss the effects of this state on the 
problem of back-reaction onto the stress energy tensor. 

2 An Effective Theory of Initial Conditions 

Let's recall how the power spectrum is usually computed in inflation. We consider the gauge 
invariant variable <I> which is a linear combination of inflaton and metric perturbations; it behaves 
as a free field during inflation. We quantize it in the usual way: first decompose <I> in terms of 
the appropriate modes (solutions of the massless, minimally coupled, free scalar field equations 
of motion) and then convert the coefficients to operators acting on the relevant Fock space. If 
we write 

J d3k [ ·f - k - t ]  <I>(17, x) = 
(27r)3 Uk(1J) e' ·xak + Uk (17)e-' ·Xak ' 

where '// is conformal time, then 

[ d2 d ] 
d1J2 + 2aH 

dry
+ k2 Uk = 0. 

(1)  

(2) 

How do we pick the appropriate solution of Eq. 2? The standard answer is to pick the linear 
combination that matches to the flat space vacuum as 1) -+ - oo .  This is the so-called Bunch­
Davies (BD) vacuum JED ) .  The reasoning here is that at short-distances, the field should not 
be able to tell that the spacetime is curved so that the vacuum should just b.e the Minkowski 
one. 

We have to take into account the possibility that as we try to match to the flat space ground 
state at short distance, it may be that the dynamics itself changes. For example, suppose the 
inflaton is a fermionic composite particle, with a scale of compositeness M. Then at distances 
shorter than M-1 ,  the scalar field description is completely inappropriate in terms of looking for 
the vacuum state. If M � M pb then we expect that at distances shorter than M-1 ,  we would 
expect both the field dynamics and gravity to be described by more complicated operators. 
What we can glean from this discussion is that assuming that we can make use of the scalar 
mode equations to arbitrarily short distances, and hence to argue that the BD vacuum is the 
"natural" choice of ground state, is a radical statement. A much more conservative statement 
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is that we should choose a ground state that is general enough to encode possible corrections to 
the Klein-Gordon equation of motion coming from physics at energy scales larger than M. 

We implement this by the imposition of boundary conditions at the initial tiµie hypersurface 
'f/ = 'f/O · If we start with the BD modes, up0, we write our modes as 

Uk ("I) Nk [uP0 (ry) + e"kUP0*] , 
e"k Wk - 'Wk 

wic + Wk 

Nk 
1 

Vl - e"k+ak . (3) 

Here wk is the frequency appearing in the scalar field equation, while 

(4) 

The structure function e"k describes how the state differs from the assumed vacuum at 
different scales. At very large distances, if we are considering an excited state the structure 
function need not vanish; but the signals of new physics should not be very apparent since the 
approximation that the theory is that of a nearly free scalar field is good far below M. In this 
regime, it is natural for the effects of new physics to be suppressed by powers of k/M. 

Our goal here is to implement an effective theory description of the initial state. From this 
perspective, the state in Eq. 3 is only meant to be appropriate for observables measured at scales 
well below M, and not that for a complete theory which is applicable to measurements made at 
any scale. As a consequence, the effective states can contain structures which are the analogues 
of the nonrenormalizable operators used in an effective field theory Lagrangian. In both cases, 
the theory remains predictive at long distances since there is a natural small parameter given by 
the ratio of the energy or momentum of the process being studied to the scale of new physics M. 
In both cases too, renormalization of the theory can introduce further higher order corrections so 
that an infinite number of constants is often needed to make a prediction to arbitrary accuracy; 
but to any finite accuracy, only a small number are needed since the rest are suppressed by 
high powers of the small ratio of scales. At scales near M, the effective Lagrangian description 
breaks down but at these energies we should be able to observe the dynamics which produced 
the nonrenormalizable operators in the low energy effective theory. Similarly, once we probe 
short distances directly, we should see corrections to the Klein-Gordon equation and the modes 
Uk("I) given in Eq. 3 should be replaced with the correct short-distance eigenmodes. 

The effective theory description of the initial state relies upon the smallness of the measured 
scale, kexp , compared with the scale of new physics, M, but this ratio is also influenced by the 
expansion, 

a("lnow) kexp « 1 
a (ryo) M ' (5) 

and the earliest time for which perturbative calculation works is one which does quite saturate 
this bound, 

a ( ,,.,5arliest) 
a("lnow) 

(6) 

Although this time dependence of scales limits the applicability of the effective theory, it should 
not be seen as anything mysterious or that "lo must be chosen either at this bound or at a time 
when some nontrivial dynamics is occurring. To study the inflationary prediction for the cosmic 
microwave background power spectrum, for example, it is sufficient to choose an "initial time" 
when all of the features of the currently observed power spectrum are just within the horizon 
during inflation and which still satisfies the condition in Eq. 5 for a well behaved perturbation 
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theory. What the effective theory approach accomplishes is not a complete description of the 
theory to an arbitrarily early time, but rather it provides a completely generic parameterization 
of the effects of these earlier epochs or of higher scale physics once the state has entered a regime 
where they can be treated perturbatively. 

3 Renormalization 

If the initial state deviates from the standard vacuum state the renormalizability of the theory 
has to be checked. A major difference from the flat space case is that the information of 
interest concerns time evolution of the field modes as opposed to what happens in the 8-matrix 
approach. The correct approach to this problem involves the Schwinger-Keldysh or closed-time 
path formalism7. 

The divergences that arise when using the general initial state described above are of two 
types. The first, which we call bulk divergences, are the usual ones that would be encountered 
even with the standard vacuum. They can be absorbed by the standard local counterterms and 
the coupling constants in the theory acquire their usual scale dependence. 

The more interesting divergences are those arising from the change of initial state. What 
we have shown is that they only appear on the initial time hypersurface and can be absorbed 
by counterterms associated with this hypersurface. The fields inherit their mass dimension from 
the full 3 + 1 theory but the operators contained in the boundary counterterm Lagrangian are 
classified according to whether their mass dimension is greater than, less than or equal to the 
dimension of the boundary surface. The structure function can be expanded as 

ak _ � d Hn(T/o) + � !"2�(110) e 
- � n !"2�(110) � Cn an(17o)Mn . 

where flk (T/o) is a generalized frequency, defined through the BD modes by 

-i r drl' nk('l') 
BD e •o 

Uk ( 11) = -a-( 11-h�/2=n=k=( 11�) · 

(7) 

(8) 

The two series are associated with IR and UV aspects of the initial state; the IR part can 
be viewed as a non-vacuum excitation of the BD state since at large distances we expect the 
Klein-Gordon description to be a good one. The divergences associated with this part of the 
initial state can be absorbed by renormalizable (on the initial time hypersurface) counterterms. 
Trans-Planckian effects are encoded in the second series and these divergences require irrelevant 
operators on the boundary to absorb them. 

This formalism can also be used to renormalize the expectation value of the stress energy 
tensor and thus to understand the issue of the backreaction of the initial state on inflationary 
dynamics. If the expansion rate during inflation is denoted by H, and Mp1 and M correspond 
respectively to the Planck mass and to the scale of new physics responsible for that structure, 
we find that the size of this back-reaction, relative to the vacuum energy sustaining the inflation, 
is suppressed at least by 

(9) 

4 Conclusion 

The basic idea of the effective theory of an initial state is that a discrepancy can exist between 
what is the true state of the system and the state we have chosen to use in a quantum field theory, 
which thereby defines the propagator and the matrix elements of operators. Over distances 
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where have a good empirical understanding of nature and a reasonable knowledge about the 
relevant dynamics, we can usually make an appropriate choice for this state. Yet there always 
exist shorter distances where the behavior of nature is unknown and the correct state might 
not match with that we obtained by extrapolating our understanding at long distances down to 
these much shorter scales. This discrepancy is particularly important for inflation, where the 
relevant fields and their dynamics have not been observed directly and where the natural energy 
scale, the Hubble scale H, can be an appreciable fraction of the Planck scale, Mpl· At this scale, 
gravity becomes strongly interacting and so we do not even have a predictive understanding of 
the behavior of space-time. Since inflation naturally produces a set of primordial perturbations 
through the inherent quantum fluctuations of a field, it is important to determine, from a very 
general perspective, the observability of the features at short distances compared with 1/ H 
through their imprint on this primordial spectrum. While this imprint is not expected to be 
observed in the most recent experiments1 ,  future observations of the microwave background and 
of the large scale structure over large volumes of the observed universe should be able to extract 
the spectrum of primordial perturbations to a far better precision. 

The ultimate goal of this program is to compute the power spectrum of inflationary pertur­
bations as a function of the structure function of the initial state. Once this is done, we will be 
able to fit the coefficients c,,, dn in Eq. 7 and determine, in a controlled fashion, whether or not 
trans-Planckian physics changes in the initial state can affect the CMB. 
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In this talk, I shall focus on theories beyond the Standard Model which predict massive 
neutrinos. Hybrid inflation emerges naturally in these theories: the slow-rolling inflaton field 
is a gauge singlet which couples with a GUT Higgs field which triggers the end of inflation. In 
the standard scenario, spontaneous symmetry breaking takes place at the end of inflation at 
a scale Jvl; AfauT > M > Afz for inflation to solve the GUT monopole problem and cosmic 
strings always form at this intermediate scale. WMAP data constrain M E [1014·5 - 1015·5] 
GeV and the singlet-Higgs coupling K. E [10-7 - 10-2] .  The spectral index n, 2; 0.98 in slight 
conflict with WMAP3. When the symmetry which is broken at the end of inflation is gauged 
B - L, both the inflaton and the strings decay into right-handed neutrinos. There are then 
two competing non-thermal scenarios for baryogenesis via leptogenesis which take place at the 
end of inflation, during reheating and from cosmic strings decay. Which of the two scenarios 
dominates depends on the inflaton-neutrino sector parameters. 

1 Introduction 

Up to the discovery of the 'acoustic' peaks in the CMB power spectrum 1, there were two com­
pelling mechanisms for explaining cosmological perturbations: inflation and cosmic strings 2 .  
Since cosmic strings predict a single peak, they are now excluded as main source o f  the cosmo­
logical perturbations. However, a mixed scenario with both inflation and cosmic strings with a 
string contribution less than about 10% is still allowed by the data 3,4. In many models with both 
inflation and strings, the scalar perturbations are dominated by the scalar perturbations from 
inflation, and the string contribution may be too low for detection via the CMB temperature 
anisotropies. However they could be detected via the B-type polarization of the CMB 5 . 

From a theoretical point of view, inflation is often associated with the formation of cosmic 
strings. Perhaps the best particle physics motivated model of inflation is hybrid inflation 6 .  
It arises naturally in Supersymmetric (SUSY) Grand unified Theories (GUTs) 7,s , in effective 
strings theories and in brane worlds. Naturally meaning that the fields and the potential leading 
to hybrid inflation are needed to build the theory itself (I now focus on the case of SUSY GUTs) 
and the coupling constant which enters is the order unity. In either cases, spontaneous symmetry 
breaking takes place at the end of inflation a and cosmic strings form 8· 12· 1 3· 1.i . In this talk I 
will consider Standard hybrid inflation in the context of SUSY GUTs. And I shall be mainly 
concerned about models which contain B - L as a gauge symmetry and predict massive neutrinos 
via the See-saw mechanism 15 .  

a i n  non minimal models o f  hybrid inflation such as shifted inflation 1 0  o r  smooth inflation 1 1 ,  spontaneous 
symmetry breaking takes place before or during inflation, and no defect form at the of inflation. 
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In section 2, I show that cosmic strings always form at the end of standard b hybrid inflation 
when inflation solves the GUT monopole problem. In section 3, I study the C1vlB anisotropies 
which are predicted by these models. Matching theoretical predictions with the data gives 
constraints on two of the GUT parameters, the Spontaneous Symmetry Breaking (SSB) scale 
at the end of inflation and the relevant coupling constant 16· 17 .  In section 4, I show that when 
the symmetry which is broken at the end of inflation is gauged B - L, there are two competing 
non-thermal baryogenesis scenarios which take place after inflation: from reheating, and from 
cosmic strings decay ! 8 .  

2 Inflation and cosmic strings 

2. 1 Inflation from particle physics 

Inflation must come from the particle physics model describing fundamental interactions at high 
energies. As a particle physicist, the first question i will ask is 'Can we get inflation from 
the Standard Model?' On general grounds, the answer is 'No', because the inflationary energy 
scale would be the order of 100 GeV which is far too low to produced the required amount 
of primordial perturbations c. The next question i will ask is 'Can we get inflation from the 
simplest extensions of the Standard Model?' As an aparte, we know since the discovery of 
neutrinos oscillations that neutrinos are massive and hence that the Standard Model must be 
extended. In order to explain the smallness of the observed neutrinos masses, one could just add 
a gauge singlet and a tiny coupling constant. However, by adding a U(l)s-L gauge symmetry to 
the Standard Model gauge group GsM = SU(3)c x SU(2)L x U(l)y,  massive neutrinos become 
a prediction 15 .  Adding the idea of unification of the gauge coupling constants, one is lead to 
grand unified theories. So I shall rephrase the question as 'Can we get inflation from a grand 
unified theory?' At first sight, 'the unification scale Mcur ,..., 1016 GeV is just the energy scale 
needed for inflation to explain the cosmological perturbations' .  

It turns out that when building a model of slow-roll inflation in a theory beyond the Standard 
Model three ingredients are usually needed: SUSY, which provides the required flatness of the 
potential, a Standard Model singlet, the slow-rolling field, and GUT Higgs fields transforming 
under a gauge group G whose rank is larger than the rank of the Standard Model gauge group, 
i.e. rank(G) > 4 8•13 . 

2.2 Standard hybrid inflation 

Hybrid inflation 6 uses two fields instead of one, a gauge singlet S and a Higgs field il>. Hybrid 
inflation is arguably the best particle physics motivated model of inflation. In the context of 
SUSY GUTs, there are two Higgs superfields i[> and cf> in complex conjugate representations of 
the GUT gauge group GcuT which lower the rank 0f the group by one unit when acquiring 
vacuum expectation values (VEV) at the end of !11flation. The superpotential is given by 

( 1 )  

where a suitable U ( l )  R-symmetry under which W and S transform i n  the same way ensures 
the uniqueness of this superpotential at the renormalizable level. The scalar potential has an 
inflationary valley, which is a valley of local minima, at S > l\l and lil> I  = l<f> I  = 0. At tree 
level, the potential along this valley is Vin JI = K2 J\!2. S is the slowing rolling field and slow­
roll conditions thus apply to S. Since lil> I  = jcf> j  = 0 <luring inflation, there is no symmetry 

b Standard refers to the standard model of SUSY hybrid inflation 7 where SSB takes place at the end of inflation 
cHowever it has been recently suggested that an l'v!SSM flat direction might be suitable for inflation 1 9 .  Even 

though this proposal requires strong fine-tuning, it is interesting in two ways: first of all it uses standard model 
physics, and second there is no need of standard model singlet. 
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breaking induced by these Higgs fields VEV during inflation. Inflation terminates as S falls 
below its critical value Sc = AI and inflation ends in a phase transition during which the Higgs 
fields acquire non-zero VEV equal to AI: Spontaneous Symmetry Breaking (SSB) takes place 
at the end of inflation. The SSB scale Al and is proportional to the inflationary scale V;.!(1i , the 
proportionality coefficient being the squared root of the singlet-Higgs coupling K. 

The Higgs fields representations <f> and 1> are conjugate N-dimensional representations of the 
GUT gauge group. We are now focusing on GUT which contain gauged U(l)B-L and predict 
massive neutrinos via See-saw. The component of of <f> (and 1>) which gets a VEV at the end of 
inflation transforms as an Standard l\fodel singlet, and it also transforms either as an SU(2)R 
doublet or as an SU(2)R triplet. In a realistic model where there are no unwanted light fields 
between the scale !'VI and the GUT scale, it is the only component which remains light below 
Mcur 17 (A,f < ltlcur, see section 2.3) . The scalar potential along the inflationary valley is fiat 
at tree level. It is lifted by loop corrections, which are non-zero during inflation because SUSY 
is spontaneously broken, and by SUGRA corrections. Assuming minimum Khiiler potential it 
is given by 16· 1 7 

v 
K,2]i,,f4 

1 + ;�� [2 ln ( K21:2
2x2

) + (x2 + 1)2 ln( l + x-2) + (x2 - 1 )2 ln( l - x-2) ] 

+ 2x4 ( M ) 4 + Ja J2x2 ( M ) 2 + A m3/2 x, (2) mp mp l'vf 

where mp is the reduced Planck mass and A a cutoff scale; x = IS i/ M so that x --+ 1 at the 
critical point; A = 4 cos(argm3;2 - arg S), we assume that arg S is constant during inflation; 
N = 1 - 3 depending on wether the components of <f> and 1> which get a VEV at the end 
of inflation transform as an SU (2)R doublet or triplet and wether the symmetry group which 
breaks at the end of inflation contains an SU (2)R or an U(l)R symmetry. Hidden sector VEV 
which lead to low energy SUSY breaking are (z) = amp and (Whid (z)) = m3;2 exp-la l212 m� , 
with m3;2 the gravitino mass; the cosmological constant in the global minimum is set to zero 
by hand. All subdominant terms are dropped. 

2. 3 Cosmic strings form at the end of standard hybrid inflation 

Since SSB takes place at the end of inflation, cosmic strings always form if the later solves 
the GUT monopole problem 13 . The underlying reason being that the rank of the gauge group 
is lowered by one unit at the end of inflation 8• 13 . This is illustrated in reference 12 where an 
exhaustive study of all SSB breaking patterns for all GUT gauge groups with rank less than 
height and phenomenologically acceptable has been performed. The aim of this section is to 
understand why indeed cosmic strings form. Further details can fe found in reference 13 . 

Suppose that the Standard Model gauge group G SM is embedded in a GUT gauge group 
Gcur. This must be broken down to GsM at around Mcur � 1016 GeV, which is the scale at 
which the gauge couplings unify 

McuT 102 GeV ( ) ( ) Gcur -+ . . .  -+ GsM --+ SU 3 c x U 1 Q ·  (3) 

In SUSY. the breaking of Gc;ur down to G SM can be direct of via intermediate symmetry 
groups, whereas in the non SUSY case there must be at least one intermediate step. If (some 
of) the Higgs fields used to break GcuT have a superpoteutial given by Eq. ( l ) d .  inflation takes 
place and the spontaneous symmetry breaking of Gcur takes place at the end of inflation. But 
in this scenario, cosmologically catastrophic monopoles which ought to form in all GUTs, form 
after inflation. In order to cure the monopole problem, one must introduce an intermediate 

dThe rank of Gcur has to be strictly greater than the rank of Gs u 13 
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symmetry group H, a subgroup of GGuT, and use cl>, � not to break the GUT itself but this 
intermediate symmetry group H; the symmetry breaking scale Al of H is < MGUT· H must be 
chosen in such a way that the monopoles form between GGuT and H and no unwanted defect 
form when H breaks down to GsM 

G 
�lonopoles H .P . .P, No unwanted defect _, 

G 102_.gev 
SU(3) U(l)  GUT -> · · ·  -> · · ·  SA! c X Q · (4) 

It can be shown that the rank of H must be greater than five, that it must contain a U(l) 
factor 8 ·13 , and that cosmic strings always form when H breaks down to GsJ\/ 8• 12· 13 .  

G 
�lonopoles H Inflation, Cosmic Strings 

G 
102 GeV 

SU(3) U(l )  GUT -> · · · -> · · · -> S M  -> c X Q ·  

3 CMB constraints and predictions 

(5) 

If the strings which form at the end of inflation are stable down to low energy, they will contribute 
to the CMB temperature anisotropies. The perturbations from inflation and cosmic strings are 
uncorrelated and they add up independently 8 

(6) 

The inflation contribution to the quadrapole is 

(7) 

with a prime denoting derivative w.r.t. the real normalized inflaton field rJ = J2ISI, and the 
subscript Q denoting the time observable scales leave the horizon. V is the scalar potential along 
the inflationary trajectory given by Eq. (2) . The tensor perturbations from inflation ( oT /T)tens � 
10-2H/mp are very small. 

The string induced perturbations are proportional to the string tension ( oT /T)cs = yG µ, 
with µ the tension and y parameterizing the density of the string network. Recent simulations 
predicts y = 9 ± 2.5 20 , but values in the range y = 3 - 12 can be found in the literature 2 .  
The strings are formed by the Higgs fields cl> and � which wind around the string in  opposite 
directions. They are not BPS and do not satisfy the Bogomolnyi bound and hence they are 
lighter than BPS strings forming at the same energy scale 16 .  The string tension is 

µ = 27rM2B((3) ,  with 8((3) =� 2 .4 ln(2/(3)- 1 (8) 

where the function B encodes the correction away from the BPS limit and (3 = (m¢/mA )2 '.::::'. 
(""/ 9GUT )2 with g�;uT :::::; 47f /25 . Requiring the non-adiabatic string contribution to the quadrupole 
to be less than 103 gives the bound 16 

Gµ < 2.3 x 10-7 (�) * M < 2.3 x 1015 (9) 

The bound which comes from pulsar timing (the stochastic gravitational wave background 

produced by cosmic strings can disrnpt pulsar timing and t his has not been observed) is 
Gµ < 1 .0 x 10-7 21 ; it is more stringent, but it has also more uncertainties. It corresponds 
to the 103 bound with y = 20 .7. 

Temperature anisotropies from both inflation and cosmic strings depend on two parameters, 
the SSB scale M of the intermediate symmetry group H, see Sec 2. ,  and the singlet-Higgs 
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coupling constant K, see Eq. ( 1 ) .  Matching the theoretical predictions with the observed value (oT/T) = 6 .6 x 10-6 4 gives a constrain on Al versus K, see figure 1 16• 17 . The intermediate 
symmetry breaking scale must be very close to the GUT scale, Af E [ 1014·5 - 10 15·5] GeV and 
the coupling constant K E [10-7 - 10-2] .  If the strings are unstable 17 , larger values of K are 
allowed. 

The spectral index n5 is calculated using the slow-roll parameters and also depends on the 
singlet-Higgs coupling constant K; it is also shown on figure 1 16• 17. n5 is undistinguishable from 
unity for small values of K, smaller than unity for intermediate values of K and bigger than 
unity for large values of K. It is extremely difficult to get a spectral index smaller than 0.98 
with hybrid inflation except maybe with non-minimal models 27 .  This is in slight conflict with 
WMAP 3-years data, and if these were to be confirmed, it would be excluded. 

The string contribution B = ( 6J) / ( 6J) i s  also a function of  the coupling K .  It is 
tot cs 

negligibly small for most of the parameter space and saturates the 10% bound for large values 
of K, which is the best interesting region for both n5 and baryogenesis (see Sec. 4) .  It is shown 
in figure 2 16.  

Further details can be found in references 16• 17 .  
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Figure 1: Left: CMB constraints on M as a function K for N = 1, 3 (blue curves) and the 10% bound (pink 
curve).  Right: predictions for the spectral index ns as function of K for N = 1,  3. 
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4 Baryogenesis via leptogenesis at the end of inflation 

Baryogenesis aims to explain the observed matter-antimatter asymmetry of the Universe. It 
must take place after inflation, since any previously produced baryon asymmetry is washed-out. 
Standard GUT baryogenesis is ruled out because any GUT scale produced baryon asymmetry 
is erased by sphalerons transitions unless the universe possesses a B - L asymmetry e 22. A 
primordial B - L  asymmetry is naturally obtained in theories beyond the standard model which 
contain gauged B - L via the out-of-equilibrium decay of heavy Majorana right-handed neu­
trinos 23 • This scenario known has leptogenesis is perhaps the best particle physics motivated 
model of baryogenesis. Thermal leptogenesis requires a symmetry breaking scale � 1015 GeV 
and a reheating temperature TR � 1010 GeV 24 . Such high reheating temperature leads to an 
overproduction of gravitinos which decay lately and disrupt the predictions of nucleosynthesis. 

When Gcur, H ::::i U(l)B-L and the iP and cl> fields entering the inflation superpotential 
given by equation (1)  are the B - L breaking Higgs fields, gauged B - L is broken at the end 
of inflation and the strings which form at the end of inflation are the so-called B - L cosmic 
strings 25. There are then two competing non-thermal scenarios for leptogenesis which take place 
after inflation: from reheating during inflation 26 and from cosmic strings decay 18·25 . 

• Non-thermal leptogenesis during reheating 

The B - L breaking Higgs field i[> which enters the inflationary superpotential Eq. ( 1 )  
gives a superheavy Majorana mass to  the right-handed neutrinos (W ::::i iPN N or W ::::i 
<P2 N N/mp) and reheating proceeds via production of heavy right-handed neutrinos and 
sneutrinos. Right-handed (s)neutrinos decay into electroweak Higgs(ino) and (s)leptons 
(W ::::i HuLN) ,  CP is violated through the one-loop radiative correction involving a Higgs 
particle and by the self-energy correction, and lepton asymmetry is non-thermally produced 
when the right-handed neutrinos are out-of-equilibrium, i .e. when TR < MN, . If TR > 
MN, , the lepton asymmetry produced is wash-out by L-violating processes involving right.­
handed neutrinos until T < MN, , where MN, is the mass of the lightest right-handed 
neutrino. If MN, > mq,/2, where mq, is the mass of the Higgs field in the true vacuum, the 
inflaton cannot decay into right-handed neutrinos and reheating must be gravitational. 
The resulting baryon asymmetry depends on the reheating temperature at the end of 
inflation, which depends on the mass MN, of the heaviest right-handed neutrinos the 
inflaton can decay into, on the symmetry breaking scale M which is constrained by CMB 
data as a function of the coupling "' (see Sec. 3) and on the CP violating parameter 18 . 

• Non-thermal leptogenesis from cosmic strings decay 

The strings which form at the end of inflation are the so-called B - L cosmic strings 25. 
The main decay channel of B - L strings is into right-handed neutrinos and they also 
lead to non-thermal leptogenesis 25• 18 . The resulting baryon asymmetry depends upon the 
amount of energy loss by the network into right-handed neutrinos and on the density of 
strings at the end of inflation; it also depends on the symmetry breaking scale M at the 
end of inflation which is constrain by CMB as a function of "' 18 . 

vVhich of these two scenarios dominates depends on wether the inflaton decay into right-handed 
neutrino is kinematically allowed and wether the lightest right-handed neutrino N1 is in thermal 
equilibrium at reheating. Results, which take into account the CMB constraints derived in the 
previous section, are shown in figures 3 and 4. Further details can be found in reference rn 

'Sphalerons transition violate B + L and conserve B - L, where B and L are respectively number and lepton 
number. 

1 90 



1e+17 

1e+16 

% 
2. 1e+15 z "' 

0.01 

te+12 

1e+11 

% � 1e+10 
z-
::; 

1e+09 

0.1  

1e·05 1 e-04 0.001 0.01 0.1 

1e+1s 

1e+14 

% � 
z-
::; 

1e+13 

Figure 3: The mass MN, of the heaviest right-handed neutrino the inflaton can decay into as a function of 
the coupling 1<. The white regions give the measured value of nB/s. The colored regions are excluded. Top: 
MN, < mq,/2 and MN, > TR, both strings and inflation contribute non-thermally to t::.B. Bottom: MN, > mq,/2, 
reheating is gravitational and only strings contribute non-thermally to t::.B.  Bottom Left: MN, > TR, there is no 

wash out. Bottom Right: MN, < TR, there is also a thermal contribution. 

5 Conclusions 

GUT which predict massive neutrinos are good candidates for hybrid inflation. Cosmic strings 
form at the end of inflation and, if they stable down to low energy, they contribute to CMB 
anisotropies together with inflation. The symmetry breaking scale is constrained by CMB data 
to the range M E [1014·5 - 1015 5] GeV and the relevant coupling K E (10-7 - io-2] . Scalar 
perturbations from inflation dominate for a large part of the parameter space and it might be 
impossible to detect the strings using the temperature anisotropies of the CMB. They could 
however be detected via the B-type polarization of the CMB 5 .  

Hybrid inflation predicts a spectral index n5  _2: 0.98. I t  i s  very difficult to  get smaller values 
except maybe by going to non minimal models 27; hence if the three year WMAP central value 
n5 = 0.95l:i:8:8}Z were to be confirmed, hybrid inflation with minimal SUGRA could be excluded. 
But even if scalar perturbations are dominated by scalar perturbations from inflation, tensor 
perturbations (which are negligible for hybrid inflation) can nonetheless be dominated by tensor 
perturbations from cosmic strings; this can allow a larger value of n5 4 • 

Finally, when B - L is  broken at the end of inflation, baryogenesis via leptogenesis takes 
place after inflation during reheating and/or via cosmic strings decay; which of the two scenarios 
dominates depends upon the various parameters in the inflaton-neutrino sector. 
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DOMAIN WALL DYNAMICS IN MODELS WITH MULTIPLE VACUA 

ADAM MOSS AND RICHARD A. BATTYE 
Jodrell Bank Observatory, University of Manchester, Mocclesfield, Cheshire SK11 9DL, UK 

In this article we discuss the evolution of domain wall networks, focusing on the dynamics of 
walls in the cubic anisotropy model. In this model a global O(N) symmetry is broken to a set 
of discrete vacua either on the faces, or vertices of a (hyper)cube. Since the model allows for 
wall junctions, lattice structures are locally stable and modifications to the standard scaling 
law a.re possible. However, we find that since there is no scale which sets the distance between 
walls, the walls appear to evolve toward a self-similar regime with L � t. We also discuss the 
possibility of walls having a conserved topological winding which could lead to frustration of 
the network. 

1 Introduction 

Topological defects are ubiquitous in field theory and commonly appear in condensed matter 
systems. In cosmology, topological defects can arise from the breaking of spontaneous symme­
tries in the early universe. Most of the work on defect networks has focused on cosmic strings -
the study of domain walls has generally been discouraged due to the commonly accepted view 
that such a network will either over-close the universe or destroy the isotropy of the Cosmic 
Microwave Background (CMB).  However, this assumption relies on the fact that the network 
immediately enters a self-similar scaling regime and the walls are formed at a high energy tran­
sition. In this scenario, wall decay processes are efficient and, on average, there is a single 
domain wall per horizon volume from initial formation through to the present day with domains 
growing as fast as causality allows (the characteristic lengthscale L � t) . An alternative kind of 
behaviour has been envisaged for models with more complicated vacuum structure. It could be 
that the network frustrates and L � a(t) allowing the network to act as a dark energy candidate 
with pressure to density ratio w = P/ p = -2/3, if the scale of symmetry breaking is sufficiently 
low 1 . 
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Figure 1: Dynamics of walls in the Z2 model. The time slices a.re taken in steps of 500 starting from the initial 
state (top-left to bottom-right) .  Dark-grey regions represent the minima {-} and light-grey the minima { + }. 

2 Simple Domain Wall Networks 

Domain walls occur in systems whose vacuum manifold has two or more discrete, degenerate 
minima. Consider, for example, a model with a single scalar field ¢, standard relativistic kinetic 
terms and a self-interaction potential with Z2 symmetry given by 

(1)  

At finite temperatures the potential receives thermal corrections and the effective mass is a 
function of temperature T. As the universe cools there exists a critical temperature Tc at which 
the field undergoes a second-order phase transition from (¢) = 0 to (¢) = ±17. As this transition 
occurs at a finite rate there exists a correlation length e between domains, which is bounded by 
causality. In this scenario, the initial wall distribution consists of a series of + and - clusters, 
primarily in the form of a single infinite wall separating domains. 

Numerical simulations of defect networks of this type were first performed by Press, Ryden 
and Spergel 2 . In order to calibrate our results in other models we have performed a suite of 
simulations in the case of Z2 symmetry breaking. The Euler-Lagrange equation of motion for <P 
was discretized on a regular, two dimensional cubic grid with P points in each direction and a 
spatial separation size t..x. We evolve this equation using a second order time, fourth order space 
leapfrog algorithm to accurately represent any large spatial gradients associated with the domain 
walls. The boundary conditions we employ are periodic, and so in obtaining any quantitative 
information regarding the evolution of the wall network we limit the total time of the simulation 
to the light crossing time. This is the time taken for two signals emitted from the same point 
travelling in opposite directions to interfere with each other, and is given in terms of the number 
of simulation timesteps by Pt..x/(26.t). Initial conditions were created by randomly distributing 
+ and - vacua at each grid point. Since our main objective is to observe the late time dynamics 
the only requirement of the initial conditions is to distribute the value of <P randomly. The total 
number of the walls in the network is then fitted to the power law n ex t-o., where the exponent 
a is predicted to be unity for the case of dynamical scaling. 

The dynamical evolution for a sample simulation is shown in Fig. 1. The formation of an 
infinite domain is clearly apparent containing what are effectively closed walls, with a single 
vacuum state eventually occupying the entire grid. Results for the scaling exponent a are 
consistent with that of unity. 
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Figure 2: Regular tilings of the plane constructed in the cubic anisotropy model. The square tilings on the top 
are constructed from a broken 0(2) model with E > 0 and the hexagonal tilings on the bottom from a broken 
0( 4) model with E < 0. The figures on the left show distinct vacuum states in different shades of grey and the 

figures on the right are the corresponding energy density associated with ea.ch wall. 

3 Cubic Anisotropy Model 

We now extend this treatment to investigate the stability properties and dynamical evolution of 
a network of domain walls where a global O(N) symmetry is broken to a set of discrete vacua 
with (hyper)cubic symmetry 3. In these models walls can be joined at string-like junctions in 3D 

(vortex-like in 2D) allowing for stable lattice structures. This contrasts with the Z2 model where 
the dynamics are typically dominated by the evolution of an single large domain with closed 
walls inside it. We consider models for a global vector field ¢ =  (¢1, .. , ¢N) with a self-interaction 
potential given by 

>. 2 N 
V(ef;) = 4 ( 1¢ 12 - 11

2) + € L ¢[ . 
i=l 

(2) 

If € = 0 then the model has O(N) symmetry, but this is broken to a discrete (hyper)cubic 
symmetry when € =/= 0. In the case of N = 2, the potentials for € > 0 and € < 0 are, from the 
point of view of the structure of the vacuum manifold, essentially the same modulo a rotation. 
When N ?: 3 the structure of the vacuum manifold is different in the two cases. In the € > 0 case 
the minima reside at the vertices of a (hyper)cube and in the f < 0 case the minima reside at 
the faces (or the vertices of an (hyper)octahedron - the dual of the cube). The structure of the 
vacuum manifold means that there is an important distinction in the types of walls produced 
in the € > 0 and € < 0 models. In the former, X type junctions will form (such as four walls 
meeting at a string/vortex) whilst in the latter, Y type junctions will form (such as three walls 
meeting at a string/vortex). The ability of the vacuum manifold to support junctions means 
that regular tilings of the plane can be constructed. In the case of € > 0, X type junctions can 
be used to construct a square type lattice, while the Y type junctions in the € < 0 model can be 
used to construct a hexagonal lattice. These are illustrated in F ig. 2, which shows the output 
of numerically solving the field equations. 

In simulations where initial conditions are random, we find that these networks again con­
verge toward a self-similar scaling regime. There are hints that the scaling exponent is slightly 
less than unity, but we attribute these as being due to the finite box size and grid resolution 
which we are forced to use. These results are, in some sense, no surprise since the model has 
no scale in it which fixes the size of the domains. The only length scale is the horizon size and 
hence the wall network loses energy as fast as the causality allows, that is, L � t. 
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Figure 3: Evolution of a wall system with a multiply connected potential given by Eqn. 3 as a function of the 
Cartesian coordinate x. The figure on the left shows two adjacent walls with zero net winding. The dashed line 
shows the value of c/'1 , the dotted line the value of c/>2 and the solid line the phase B between c/>1 and ¢2 . There 
is an attraction between walls and they arinihilate each other. The figure on the right shows two adjacent walls 

with a 211" net winding which leads to repulsion. 

4 Further Models 

The models considered so far do not preclude the possibility of more complicated models leading 
to frustration of the network. There may be topological reasons why walls cannot become 
arbitrarily close to each other. Let us consider, for example, the vector field <P = (</Ji , ¢2) with 
potential 

(3) 

If the symmetry breaking parameter f < 0 the minima are given by ¢1 = ±y' >..ry2 / ( >.. + 4€) , ¢2 = 
0. In this model, walls still exist between + and - regions but there is further topological 
information on the wall associated with the winding of the field. Consider two initial static 
parallel walls at some small separation distance, as shown in Fig. 3. When the two walls have a 
zero net winding around the vacuum manifold they attract and annihilate each other, whereas 
when the adjacent walls complete a 271" winding around the vacuum manifold they repel. Hence, 
in this case the parallel wall number can be interpreted as a conserved topological winding 
number. Models in which parallel walls are protected from becoming too close due to the 
existence of windings have been proposed by Carter 4 and appear to offer some mechanism for 
the wall network to frustrate. 
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We discuss how the string a' -correction to the usual Einstein action, which comprises a Gauss­
Bonnet integrand multiplied by non-trivial functions of the (common) modulus field x and/or 
the dilaton field ¢, can explain several novel phenomena, such as a four-dimensional flat 
Friedmann-Robertson-Walker universe undergoing a cosmic inflation at the early epoch, as 
well as a cosmic acceleration at late times. 

String/M theory has the prospect of unification of all interactions (electromagnetic, weak, 
strong and gravitational) ,  providing inter-relationships between quantum mechanics and general 
relativity. However, it has not been developed to the stage where the full theory may be employed 
to construct a detailed cosmology. The assumptions which make string cosmology a challenging 
subject are the existence of extra dimensions and supersymmetry. Modern (super)string theory 
or M theory has additional features: now it goes beyond the perturbative approach popularised 
in the 80's and 90's and takes into account the effects due to branes, fluxes and non-trivial cycles 
in the extra dimensions, providing new avenues for studying the theory of inflation or cosmic 
acceleration, via flux or time-dependent comapcifications. 

The four-dimensional effective gravitational action of our interest here is given by 

S = j d4xv'-9 [
2�2 R - 1  (�x)2 - V(x) - ( (�¢)2 + � [>.(¢) - �(x)]RZ,8 J ,  ( 1 )  

where K, i s  the inverse Planck mass m-p11 = (87rGN ) 112 and RZ,8 = R2 - 4RµvRµv + RµvpxRµvpx 
is the Gauss-Bonnet (GB) integrand. Here ¢ may be viewed as a dilaton, which has no potential. 
x is an ordinary scalar (or inflaton field) which, in particular cases, could be a modulus field 
associated with the overall size of extra dimensions. In a known example of heterotic string 
compactification 1•2 , >.(¢) = >.1 erf> + · · · and �(x) ex: (ln(2) - 2; cosh(x)) + · · · .  Recently, Nojiri 
et al. 3 exan1ined a special (asymptotic) class of solutions for the system ( 1 )  with the choice 
V(x) = V0 e-x/xo and �(x) = foeX!xo , deleting the ¢-dependent terms. The analysis was 
extended in4 by introducing higher ( than second order) curvature corrections, but in the x=const 
background. We present here a more general class of solutions for the model ( 1) . For simplicity, 
we shall start our discussion by neglecting all the dilaton related terms. We find it convenient 
to define the following variables 5 (in the units "" = 1 ) :  

X = 1 (X./H)2 = rx' 2 , Y := V(x)/H2, U = �(x)H2 E: := H/H2 = H'/H, (2) 
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where the dot (prime) denotes a derivative w.r.t. the proper time t (the number of e-folds. 
N = J H dt = ln(a/a0 ) ) ,  with a(t) being the scale factor of the universe. For U = 0 (or 
�(x) = 0), the equations of motion are Y = 3 + E and X = -E, which are remarkably simple. 
However. different choice of € implies different Y and hence different V(x), and so is the equation 
of state (EOS) parameter w, which is defined by w = -2€/3 - 1 .  Is it then all worthy? 

Though it may be desirable to construct a cosmological model that gives rise to w :::::: -1 ,  for 
the model to work, the field x must relax its potential energy after inflation down to a sufficiently 
low value, possibly very close to the present value of the cosmological constant. An exponential 
potential, V(x) = Vo e->-ox , is perhaps the best choice, as it gives rise to cosmological attractors6 
in presence of a barotropic (matter/radiation) field, but it is more plausible that the coupling 
.\o is a function of x itself, or the number of e-folds, N = I ln(atf a;) I .  We shall look for a more 
general potential that supports a relaxation of gravitational vacuum energy or dark energy 5 .  

I n  an accelerating spacetime, the Gauss-Bonnet term is positive, i .e. , Rb3 = 24� > 0.  The 
effective potential, which may be defined by A(x) = V(x) - � �(x)Rb3, can be (exponentially) 
small for V(x) :::::: � �(x)Rb3. We find it convenient to impose the condition 5•7 

A(x) = H2 (3 + c) ,  (3 )  

so that A(x) 2'. 0 for € 2'. -3 or equivalently when the EOS parameter w :":'.: 1 .  There is  now only 
one free parameter in the model, which may be fixed either by allowing one of the variables in 
(2) to take a fixed (but arbitrary) value or by making an appropriate ansatz. Here we consider 
both these cases. First consider the case of power-law inflation, for which 

a(t) = ew(t) = (cot + t1 )- l/eo ' (4) 

where co and t1 are arbitrary constants. This actually implies that € = iI / H2 = Ea. For eo < 0, 
co > 0 and t1 may be set zero, but, for Eo > 0, one may take co < 0 and set t1 = t00, which 
ensures that the scale factor grows with t in either case. With (4) , we find H ex: e•oN and 
�(x)H2 = c2 ea+N + c3 ea_ N, where a± = � ( Eo - 5 ± )9(eo + 3)2 - 32) . For the reality of a±,  
i t  i s  required that eo > -1 . 1 1  or Eo < -4.88; we rule out the latter as it  implies w > 1 .  

Spurred on by this example, we make no assumption about the form of scale factor, and 
instead consider the ansatz that during a given epoch we may make the approximation 

(5) 

where ao and a are arbitrary at this stage. The allow us to write c in a closed form: 

c = f3 tanh /3(N + N1 ) - {3 =? H ex: cosh /3(N + N1 ) e-f3N , (6) 

where N1 is a free parameter, f3 = ( 16 + a)/4 and /3 = � )9a(a + 8) + 208. Initially, N 
may take a large negative value, N = ln(a/ao) « 0, since a « ao . As we wish to obtain an 
inflationary solution with sufficiently large number of e-folds, say 65 e-folds, it is reasonable to 
take N1 � 0(65) . For /:;.N = N + N1 ;S 0 ,  the universe is not accelerating, but it  starts to 
accelerate (c > -1) for !:,.N � 0.2. The solution where -6 < a < -4 (or -2 < a < 1 )  is 
accelerating with an EOS parameter w 2: -1 :  of course, the solution where a <  -6 (or a >  1 )  
solution i s  also accelerating but i n  this case, since E: > 0 or X < 0 .  x acts as a phantom (see 
Fig. l (a) ) .  The potential V(x) is a somewhat complicated function of N (or x), namely 

V(x) = H2 (3 + € + 3 (c + l)U) . (7) 

Note that at the onset of inflation, c :::::: -1 (or w :::::: - 1 /3), the Gauss-Bonnet term is not 
contributing; inflation can be mainly due to the potential. After a certain number of e-folds 
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Figure l :  (a) The 6N - n phase space, with U = 0 .5  e"N . The almost horizontal line with c = -3 separates 
the regions between A(x) > 0 and A(x) < 0. With a small value of no ;'S ln(0.3) , the region between n = -4 
and n = -6 separats and moves to a more negative value of 6N. (b) The qualitative behaviour of the term 

U = f.(x)H2 = e""+aN + e" 1 +&N as a function of 6N, with no = 0, n1 = -5,  n = -0.l and 6 = -0.01. 

of expansion, /3(N + Ni )  2:; 2, the variable X takes an almost constant value, xo(a) , and for 
U « 1 ,  V(x) is well approximated by V(x) ex H2 ex e2(!3-/3) = V0 e- Px with p = 2(/3 - /3)>..0 and 

Ao =  M = lx' lf3iiN>2 · In fact, for /36. > 2, we get A(x) = A0 e-PX .  
The scale factor of the universe after inflation would naturally become much larger than its 

initial value, but it is smaller than ao (the present value) , so -0(1) ;S N <  0. Our approximation 
(5) that U be given by a single exponential term may break down at some intermediate epoch 
(cf Fig 1 (b) ) .  At late times, U is approximated by the term ex e&N ; the solution is given by (6)1 
with a and Ni replaced by & and No. For N + No ;S 0, the universe is in  a deceleration phase 
which implies that inflation must have stopped during the intermediate epoch. As N crosses 
No, or when N + No > 0, the universe may begin to accelerate for the second time. 

It is generally believed that during inflation, the inflaton and graviton field undergo quantum­
mechanical fluctuations, leading to scalar (density) and tensor (gravity waves) fluctuations, 
which in turn would give rise to significant effects on the large-scale structures of the universe 
at the present epoch. In turn, it may be hoped that the spectra of perturbations provide a 
potentially powerful test of the inflationary hypothesis. In this respect, one may ask whether 
the solution of the type (6) can generate scalar perturbations of the desired magnitudes, like 
OH � 2 x 10-5 and n :::::: 0.95. The spectral index is given by 

n '.::: 1 - 4E + 2'f/, (8) 

where E = 2 (1n H)' Ix' 2 and T/ = 2 [H" I H - (In H)' (ln x')'] Ix' 2 . Inflationary predictions with 
�(x) f. 0 can be different from those with �(x) = 0 (see, e.g. 7•8) . In our model, a spectral 
index of magnitude n ""' 0.95 may be obtained with a :::::: -5.964 or with a � 0 (0) (cf Fig. 2 ) .  
Furthermore, for a ""' -6 and a 2:; 0, the tensor-to-scalar ratio is  small, r = Ar/ As « 0.4. 

So far we discussed the case with no </>-dependent terms in the starting action. However, it 
is possible that the dilaton plays a special role in the present accelerated phase of the universe. 
In the presence of </>-dependent terms, one may introduce two more dimensionless variables: 

(9) 

First consider the case ( = 0,  so that there is no the kinetic term for ¢ .  1> is assumed to be 
non-zero; of course, its time variation must be small at late times, so as not to conflict with 
ground based solar system tests of GR. Here we do not impose any condition like (3) . Especially, 
for U = 1>, for which ¢ is behaving similarly as x and hence f = >.. (¢) - � (x) = 0, we find 

X = - (In U)' , Y = 3 + (In U)' 12, f = (In U)' /2. ( 10) 
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Figure 2: The contour plot of o and u (= exp(no)) ,  showing the value of the spectral index n = 1 - 4E + 2ry in 
the range [0.93, 0.97]; n is independent of the value of u for a large value of o ( < -4). 

The solution U ex eo.N leads to an accelerated expansion for a >  -2; in particular, for a =  0 .18 ,  

we get f = 0.09 and hence w = - 1 .06. For the above solution, a dark energy EOS parameter in 
the range WDE = - 1 .06� 8:6� may be obtained with a =  O.lS:;: g:g� . In particular, for a =  0, the 
effect is similar to that of a pure cosmological constant term, for which f = 0 or w = - 1 .  

In the case ( =f 0 ,  the field equations are solved explicitly, fo r  example, with U = <I> = 
canst = <l>o. In this case, there exist three branches of solution: the first branch is explained by 
f = .j6 tanh( ./6(N + No) ) - 3 and W = -3<l>o(l  + 2E). For this solution the universe enters into 
an accelerating phase for N + No � 0.22. Especially, for N + No » 0, one has f c:e 0 - 0.55 and 
W c:e 0.3<l>o, i.e., <l>o > 0, ¢ behaves as a canonical scalar. Either both of the other two branches 
support an inflationary phase with w > -1 ,  or only one of the branches supports inflation with 
w < -1. In the latter case, the second branch is not accelerating since w > -1 /3. 

In summary, we have shown that the string a'-correction of the Gauss-Bonnet form plays an 
important and interesting role in explaining the early and late time accelerating phases of the 
universe, with singularity-free solutions. For constant dilaton phase of the standard sc�nario, the 
model predicts during inflation spectra of both density perturbations and gravitational waves 
that may fall well within the experimental bounds. It is hoped that the analysis in this paper 
helps for explaining both the inflation and the cosmic acceleration at late times. For complete­
ness, in particular, in order to study the transition between deceleration and acceleration, one 
may have to include matter fields which is also the constituent that we know dominates the 
universe during deceleration. The effective EOS parameter, Weff, may more positive than WDE · 

This work was supported in part by the Marsden fund of the Royal Society of New Zealand. 
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We consider a codimension two scalar theory with brane-localised Higgs type potential. The 
six-dimensional field has Dirichlet boundary condition on the bounds of the transverse compact 
space. The regularisation of the brane singularity yields renormalisation group evolution for 
the localised couplings at the classical level. In particular, a tachyonic mass term grows at 
large distances and hits a Landau pole. We exhibit a peculiar value of the bare coupling such 
that the running mass parameter becomes large precisely at the compactification scale, and 
the effective four-dimensional zero mode is massless. Above the critical coupling, spontaneous 
symmetry breaking occurs and there is a very light state. 

1 Introduction 

Dynamical generation of small mass scales via logarithmic renormalisation group running often 
occurs in theories which, in the limit of vanishing couplings, possess massless degrees of freedom. 
Once small couplings are turned on in UV, a theory may become strongly coupled in IR, with 
the corresponding IR scale serving as the mass scale of the low energy effective theory. A notable 
example of such a case is of course QCD. 

In these proceedings, we present a class of models in which massless or very light degrees of 
freedom emerge upon turning on small couplings in a theory which originally had heavy states 
only. Unless the existence of massless states is dictated by a symmetry (Goldstone modes), this 
requires some sort of IR-UV mixing. In general terms, our models have two widely separated 
high energy scales, the UV cutoff scale A and the intermediate compactification scale R-1 .  Once 
the small coupling µ =  µ(A) is turned on at the UV cutoff scale, it experiences renormalisation 
group running and increases towards low energies. Remarkably enough, the coupling becomes 
stronger in the infrared provided that its bare value is negative or, equivalently, the 4d localised 
mass is tachyonic. There exists a small critical value µ(A) = µc such that the running coupling 
blows up precisely at the scale R-1 , i.e. , µ(R-1) = oo. At this point a massless mode appears 
in the spectrum. 

For µ slightly smaller than µc, the light mode has positive mass squared proportional to 
(µ� -µ2), whereas at µ slightly above µc the low energy theory is in a symmetry breaking phase. 
Thus, µ(A) = µc is the point of the second order phase transition. Let us stress that these 
features occur at the level of classical field theory. 

In our models as they stand, the bare couplings are free parameters, so the choice µ � µc (and 
hence the theory near the phase transition point) requires fine tuning. It would be interesting 
to see if there exists a dynamical mechanism driving the theory to the critical coupling (more 
generally, driving the parameters to the point where µ(R-1) = oo) . 
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2 The model 

We consider a scalar field in a six-dimensional fiat space. There is no scalar potential in the bulk, 
and Higgs-type scalar potential on a brane located at the origin of the compact dimensions. The 
action is a 

8 = J d4xd2y r� (8M¢)2 - Vi (¢)] , 

Vi(¢) = (-� ¢2 + �¢4) . 82(y) . 
( 1 )  

The singularity at y = 0 i s  resolved by introducing a disk r ::::; E and regularising the potential 
into 

V(¢) = _l_ (-µ2 ¢2 + �¢4) for 0 ::::; r ::::; E '  7rE2 2 4 
V(¢) = 0 for E ::::; r ::::; R . 

(2) 

We consider a theory on a disk whose radius R is very large, R-1 « E-1 .  The parameter µ2 
is dimensionless and may be considered a very small coupling constant i.e. µ2 « 1 .  Goldberger 
and Wise 1 argued that the coupling runs b with the energy scale Q as 

µ2 µ2(Q) = 
1 £ 1  Q 

(3) 
+ 2rr n A 

where A is the UV cutoff and µ2 = µ2(A) is the coupling constant entering the potential (2) . 
This regularisation has a natural interpretation as finite transverse size E = A-1 of the brane. 
Equation (3) implies that the coupling µ2( Q) grows in the infrared. 

Let us impose the Dirichlet boundary condition 

¢(r = R) = 0 .  

If the coupling vanishes, or, more generally, if the running coupling at the compactification scale 
is small, µ2(R-1) « 1, the theory is fully six-dimensional: there are no zero or light modes, 
whereas the Kaluza-Klein states have masses of order R-1 . 

The question is what happens when µ2(R-1) hits the infrared pole. In other words, what 
does this theory describe when the bare coupling µ2 is equal or close to its critical value 

2 271" µ
c 

= 
ln E . 

€ 

(4) 

As follows from this expression, µ� can (and actually, for perturbative treatment, has to) be 
small, which requires that ln(R/c) is large. Thus, it is legitimate to make use of the leading-log 
approximation and this is what we are going to do. Incidentally, in the theory on a disk, the 
formula for the running (3) is also valid in the leading-log approximation only. 

Splitting the four-dimensional usual coordinates and the transverse ones, the 6d equations 
of motion can be read from the regularised action (2) 

0 for 0 ::::; r ::::; E , 

for E ::::; r ::::; R ,  
(5) 

where p2¢ is to be understood as the 4d momentum. These equations are indeed Schrodinger 
equations in two dimensions. 

In the following section, we present some results when fine-tuning µ2(A) around µ,�. 

awe use the convention ( +, -, - , - , -, -) for the metric. 
bThe classical running was recently discussed in connection with neutrino masses 2 . The phenomenon is 

well-known in two-dimensional quantum mechanics 4 . 
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3 Six-dimensional description 

Let us first work above the background </> = 0 so that we can consider the linearised equations 
of motion. We decompose the scalar field into <f>(xµ, r, (J) = ei18¢1 (r)az (xµ) with l an integer. 
With this set, a0(xµ) is the usual zero mode that one would have derived from a Kaluza-Klein 
scheme when working with the torus. In the following, we shall only consider this mode. 

Plugging the previous decomposition into the equations of motion (5) and asking that the 
4d momentum p2 is very small compared to the relevant scales (R-1 ,  A) , one gets the following 
solution 

<f>(r) 

</>(r) 

µ r 
A ·  Jo(- -) 

yf7r € 

[ Jo( lplR) ] B Jo( lplr) - No( lplR) · No( lplr) 

for r :S E , 

for r 2: E , 
(6) 

where Jo and N0 are Bessel functions of the first and second kind. The Dirichlet condition was 
imposed for the outside solution, and we assumed that p2 could be negative. 

Matching conditions for both the solution and its derivative d</J/dr at r = E lead to the 
four-dimensional mass squared 

2 - 2 p = ffi(4) (7) 

This result can be understood qualitatively by noticing that the Dirichlet boundary condition 
forces all modes to acquire a mass, in the spirit of the Scherk-Schwarz mechanism 3 . Then from 
a naive 4d viewpoint, the mass of a would-be zero mode has both the contribution due to the 
boundary condition, and an additional contribution, of opposite sign, coming from the localised 
tachyonic term, 

2 z5 µ2 m(4),naive = R2 - 7r R2 (8) 

where zo is the first zero of the Bessel function Jo and the factor 1/(7rR2) in the second term 
comes from the KK expansion of the zero mode. Equation (8) indeed predicts phase transition, 
but for µ� = (7rz5) .  The correct value, eq. (4), however, contains an inverse logarithmic factor 
coming from the running and the correct expression for the mass is actually slightly more in­
volved than the simple guess (8) . 

From equation (7) , we conclude that exactly at the critical coupling, there indeed exists a 
massless mode. For µ2 slightly above µ�, the mode becomes tachyonic. In this region, as in the 
4d Standard Model electroweak symmetry breaking, the >..¢4 term has to be taken into account, 
and the field develops expectation value. The classical six-dimensional solution in this case is 

(9) 

The effective Higgs vev is therefore a2 = J d2y¢� . Developping the field ¢(r, p) = <Pc(r) + �(r, p) , 
one finds that the fluctuation's mass is 

167r µ2 - µ� 
R2 ---;;:r- 2 lm;a.chyon l (10) 

This expression is valid for small (µ2 - µ�) .  
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4 Low energy effective theory 

In this section, we compare the results of section 3 to the 4d effective theory. Specifically, we 
want to show that the 6d phase transition properties remain valid at low energy. 

The interesting field configuration away from the brane is 

( 1 1 )  

where ((r) is the general outside solution (6) . It is normalised to  unity J (2d2y = 1 ,  and therefore 
CY has a canonical kinetic term. Resolving the brane is equivalent to defining ((0) = ((t) . 

The effective 4d potential for CY(xl') is obtained by integrating the potential ( 1 )  and the 
transverse kinetic term over the extra dimensions. One finds 

where 

2 
u ( ) 

m(4) �2 + A(4) �4 
Yeff CY = 

2 v 4 
v 

647r2 A A(4J = µ,� R4 . 
The value of mf4) is precisely the same as in (7), which establishes the correspondence 

between the 6d and the 4d approaches in the unbroken phase. For m[ 4) < 0, the 4d expressions 
for the vev and the Higgs mass are CY2 = -m[4/ A(4) and m� = -2m{4) ' These coincide with the 
results of section 3, so that the correspondence exists in the broken phase as well. 

5 Conclusions 

The toy model we presented in this small report possess rich physics: running couplings, phase 
transitions, spontaneous symmetry breaking and infrared strong dynamics whicb all occur at 
the level of classical field theory. Interestingly enough, very light modes and standard four­
dimensional physics are generated out of a higher dimensional theory with large scales only. 
This mechanism could be of relevance for the problem of electroweak symmetry breaking and 
mass generation. Of course, an important step to make before addressing this phenomenological 
issue is the inclusion of other fields like chiral 4d fermions and gravitational interaction. In these 
proceedings, we focused on the main basic features of the models under consideration. More 
detailed information can be found in Ref. 5. 
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Do vortons form? 

Marieke Postma 
NIKHEF,Kruislaan 409, 1098 SJ Amsterdam, The Netherlands 

In this talk I will discuss the formation and cosmology of vortons. Vortons are cosmic string 
loops stabilized by a current. Their formation depends on two key ingredients. Firstly, 
on the number of fermionic zero mode solutions (which requires a proper treatment of the 
gravitino field). And secondly, on the strength of the zero mode interactions with the thermal 
background. I will argue that vorton formation is unlikely if the reheat temperature is high. 

1 Introduction 

In this talk I will discuss the formation and cosmology of vortons. Vortons are cosmic string 
loops stabilized by a current, that act as cold dark matter particles. The requirement that they 
do not overdose the universe can severely constrain the underlying particle theory. Whether 
vortons are produced in the early universe depends on the number of zero mode solutions, as 
well as on the zero mode interactions with the thermal background. But before discussing this 
in more detail, I will start with a short introduction to cosmic strings and fermionic currents. 

2 Cosmic strings & fermionic currents 

Cosmic strings, like all topological defects, form during phase transitions. Phase transition are 
a common ingredient of particle physics: they arise in the standard model (the electroweak and 
QCD phase transition) , as well as in many theories beyond the standard model (e.g. grand 
unified theories and hybrid inflation}. The simplest model in which strings form is the Abelian­
Higgs model. In this theory the Higgs field has the famous "Mexican hat"-potential. Symmetry 
breaking takes place as the Higgs field rolls down from the false vacuum - on the top of the hat 
- to the true vacuum - the rim of the hat. As different regions in the universe are causally 
disconnected, the Higgs field may end up on a different spot on the vacuum manifold (on the 
rim) in each such a region, resulting in a domain like structure. Cosmic strings form at the 
intersection of these domains. 1 

A cosmic strings is a heavy filament-like object, a vortex tube with magnetic field trapped 
inside. Long strings can self-intersect or with each other, thereby chopping.off loops. The Higgs 
field may be coupled to fermions via a Yukawa interaction. This allows for the possibility of 
having fermionic currents flowing along the loop. Indeed, Jackiw & Rossi 2 found a fermionic 
zero-mode solution of the form 'I/; = ((r, B)e-E(t-zl . The spinor wave function ( (r, B) only 
depends on the coordinates transverse to the string, and is localized near the string core (the 
fermion is bound to the string). From the frequency part, which only depends on the longitudinal 
coordinates, it follows that the fermion travels at the speed of light in the +z direction; it is 
effectively massless. The existence of such a bound state solution can be understood from the 
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Figure 1 :  Fermion-string scattering as scattering of a potential well. 

fermion mass term. Outside the string the Higgs field is in the true vacuum with (</>} = const. 
and the fermion is heavy m1 = >.(</>} =I 0, whereas inside the string core the Higgs field is in the 
false vacuum with (</>} = 0 and the fermion is massless. It is therefore energetically favorable for 
the fermion to be near the string. 

The detection of a cosmic string would give us a great deal of information about the under­
lying theory, information well beyond the reach of terrestrial experiments. The obvious thing 
to do is look for its gravitational effects: gravitational waves and lensing events produced by a 
string, or the imprint of strings on the cosmic microwave background. This will be discussed 
in more detail in the talks of J. Martin and R. Jeannerot. But one could also try to look for 
observational effects of the fermionic currents; this will be the topic of the remainder of this 
talk. 

3 Vortons 

A cosmic string loop will contract under the action of gravity, and it will decay emitting its 
excess energy in the form of particles and gravitational waves. However, if a large enough 
fermionic current is flowing along the loop, its angular momentum may halt the contraction 
resulting in a stable loop configuration.3 Such a stable loop, called a vorton, will behave like 
a heavy non-relativistic particle. If produced in just the right amount, it may be the dark 
matter in the universe. Too many vortons will overdose the universe; this can put strong 
constraints on the underlying theory.7 This is especially true for "chiral strings" , strings where 
the current is flowing only in one direction along the string. This is readily understandable. If 
there are currents flowing in both directions, they can scatter off each other, thereby limiting the 
maximum current obtainable. For chiral currents such a decay mechanism is absent, enhancing 
their stability. 

The number of zero mode solutions, of fermionic currents, follows from an index theorem.4 
There is one left-moving current for each negatively charged fermi9n coupling to the Higgs field 
{with positive charge), and one right-moving current for each positively charged fermion. In 
anomaly free theories only neutral currents can be chiral. In supersymmetric (SUSY) theories 
this is not the end of the story. It is important to only count the physical degrees of freedom. Let 
me explain this using an analogy with the Higgs effect. A theory in which a global symmetry is 
broken has a massless degree of freedom, the Goldstone boson. If the theory is gauged, i.e. , if the 
symmetry is made local, the Goldstone boson is "eaten" by the gauge field, and disappears from 
the spectrum. Something similar happens with SUSY cosmic strings. SUSY is broken inside the 
string. In a global SUSY theory one would conclude that there is a massless goldstino localized 
on the string (since SUSY is restored outside the string). This would be a zero mode solution. 
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However, if you include gravity in the theory, SUSY becomes a local symmetry. The Goldstino 
gets eaten by the gaugino, the gauge field of local SUSY, and disappears from the theory.5 This 
heuristic argument is confirmed by an explicit calculation� The conclusion is that the number 
of zero-modes can be different if the theory is coupled to gravity. An explicit example is D-term 
inflation. There are 2 zero-mode solutions in the global SUSY version of the theory; one of them 
is nothing but the goldstino of broken SUSY and disappears from the spectrum when gravity is 
included. Hence, these strings are chiral. 

4 Yorton formation 

The existence of zero mode solutions is not sufficient to guarantee the formation of vortons. 
Indeed, these states should, in one way or another, be excited in the early universe� A current 
may form if fermions are trapped through intet-actions of the string with the thermal bath. As an 
explicit example I will consider the case that the reheat temperature is larger than the vacuum 
fermion mass TR > mt/I. The fermion is massless on the string and massive outside. One can 
therefore think of fermion-string scattering as scattering of a potential well with height set by 
the fermion mass, see Fig. 1 .  If the temperature is high, and the incoming fermion has an 
energy much larger than the potential height, the chance of trapping a fermion is negligible; and 
any fermion trapped will be scattered off. At temperatures much lower than the fermion mass, 
the fermions in the thermal bath are Boltzmann suppressed, and the number of scatterings is 
negligible. Hence, fermion trapping and current formation has to take place at temperatures 
T ,._, mt/I . Moreover, a current large enough to stabilize a vorton will only be generated if the 
trapping rate is larger than the Hubble rate at that time. 

Possible interactions to trap fermions are shown in Fig. 2. An incoming fermion can scatter 
off the string-forming Higgs or gauge field and .get trapped, or fermion scattering in the string 
core can lead to excited zero mode states. The calculation of the cross section in a cosmic 
string background are analogous to the calculations of scattering off monopoles by Callan and 
Rubakov.9•10 They differ from usual scattering amplitudes in that transverse momentum is not 
conserved, the zero mode wave length is unrelated to its energy (J\ ,._, 1/k does not apply in the 
transverse plane) ,  and the incoming particles differ from plane wave solutions due to the string 
background. However, all these effects are minimal at the energies of interest. The first two 
diagrams in Fig. 2. are forbidden by energy-momentum conservation in the transverse plane. 
The third diagram gives the dominant contribution. An explicit calculation shows that trapping 
is only efficient for large Yukawa couplings, and if the fermions 'l/J are coupled to light particles.8 

Not only current formation should be considered, but also possible decay. The zero modes 
are strictly massless - and their decay is forbidden by kinematics - only for an infinitely long 
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straight string.11 The dispersion relation for a massless particle is E = k. A zero-mode on a 
string loop has a non-zero centripetal acceleration k � k/ R with R the loop radius, and the 
dispersion relation picks up an extra term. This gives rise to a momentum dependent "mass" 
m2 � k/R. Decay is no longer forbidden by kinematics. The decay rate r � > . .2m(m/m..p)2 (with 
m the effective mass, and m..p as before the fermion vacuum mass) is large for large couplings, 
and if 1/; is coupled to light particles. But these are precisely the conditions favorable for current 
formation! We conclude that currents that form also decay. 

5 Conclusions 

In this talk I discussed vorton formation in the early universe. Two ingredients play an important 
role. Firstly, one should properly count the number of zero modes. This means that in a 
supersymmetric theory one should not count the goldstino, since it disappears from the spectrum 
if gravity is included. The stability of vortons is enhanced if the strings are chiral, when there 
are only currents flowing in one direction along the string. Secondly, one should analyze whether 
the zero mode solutions are actually excited in a cosmological setting. This is unlikely if the 
reheat temperature is large. The conditions favorable for current formation are also favorable 
for their decay, and vortons do not survive. In this case vortons cannot be the dark matter and 
are not detectable; they also do not constrain the underlying theory. 
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Numeric simulation of gravitational waves in Randall-Sundrum cosmology 

Sanjeev S. Seahra 
Institute of Cosmology Cf Gravitation, University of Portsmouth 

Portsmouth, POJ 2EG, UK 

Motivated by the problem of the evolution of bulk gravitational waves in Randall-Sundrum 
cosmology, we have developed a characteristic numerical scheme to solve 1 + 1  dimensional 
wave equations in the presence of a moving timelike boundary. This code has been used to 
predict the spectral tilt of the stochastic gravitational wave background in brane cosmology 
for a variety of higher-dimensional (i.e. 'bulk') initial conditions. Here, we give a qualitative 
picture of how gravitational waves behave in the braneworld scenario, and summarize some 
of our main results. 

1 Randall-Sundrum cosmology 

It is well known that the Randall-Sundrum (RS) braneworld model 1 is in excellent agreement 
with general relativity at low energies. This is the principal appeal of the model; it is one of the 
only examples of a scenario involving a large extra dimension that entails no serious conflicts 
with general relativity. However, this means that one needs to consider high energy or strong 
gravity scenarios to properly test the model. One possibility is to examine the high energy epoch 
of braneworld cosmology, where exact solutions of the 5-dimensional field equations are known. 
Well-understood braneworld phenomena include a modified cosmic expansion and early times 
and 'dark radiation' effects, whereby the Wey! curvature of the bulk projected on the brane acts 
as an additional geometric source in the Friedmann equation. 

But if one wants to move beyond the exact description of the background geometry in 
these cosmological models, there are significant technical difficulties. A cosmological brane is 
essentially a moving boundary in a static 5-dimensional background - anti-de Sitter space in the 
RS model ( cf. Fig. 1) - so perturbations are described by bulk wave equations with boundary 
conditions enforced on a non-trivial timelike surface. While it is possible to make some analytic 
progress when the brane is moving 'slowly' 2,3,4, the more interesting case of a fast-moving, 
high-energy brane remains impervious to such treatment. 
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Figure 1: Conformal diagram (a) illustrating the causal structure of a braneworld model of the early universe. In 
this plot, the three 'ordinary' spatial dimensions have been suppressed; hence, the brane is represented by a simple 
timelike trajectory. An initial purely-de Sitter inflationary phase is followed by a 'Friedmann', or high-energy 
radiation, phase. Our code assumes that the gravitational wave content of the model is known on the initial null 
surface Eu, and then calculates the field amplitude throughout the spacetime region n. The region is shown in 
a conventional spacetime diagram on the right (b). Superimposed on n is a (particularly coarse) example of the 

computational grid we use to discretize and solve the master wave equation. 

The purpose of this work is to present a new numeric algorithm to solve wave equations in 
the presence of a moving boundary. For the sake of simplicity, we restrict ourselves to a class 
of wave equations and boundary conditions that correspond to tensor, or gravitational wave 
(GW), perturbations. This is not the first attempt to deal with these equations numerically: 
previous efforts include pseudo-spectral 5•6•7 and direct evolution 8•9•10•11•12 methods using various 
null and non-null coordinate systems in which the brane is stationary. Unfortunately, not all 
of these algorithms agree with one another. In particular, Hiramatsu et al. 6 predict a fl.at GW 
background spectrum at high frequencies, while Ichiki and Nakamura 8 predict a red spectrum. 
These two groups have very different prescriptions for setting initial conditions in the bulk, and 
it used to be unclear whether this was the source of tension between the two results. However, 
with our new code we have been able to definitively state that both initial conditions lead to a 
fl.at spectrum, provided that the energy scale of brane inflation is sufficiently high. Furthermore, 
we have shown have a much wider class of initial conditions can lead to the same result; implying 
that a fl.at GW background is a somewhat generic prediction of this class of braneworld models. 
For a comprehensive account of how these conclusions are obtained, the interested reader should 
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consult Seahra.13 

2 Numeric Method 

The problem of predicting the propagation of a GW mode with 3-dimensional wavenumber k in 
this model can be reduced to solving the wave equation [ a2 a2 15 ] 

at2 - az2 + E. (2 + E. ) + 4z2 'lj! (t, z) = 0, ( 1 )  

on n. Here, E *  i s  a dimensionless parameter that represents the density of  brane matter normal­
ized by the brane tension when the mode re-enters the Hubble horizon, 1f! is a master variable 
governing tensor perturbations, and f .:S 0.1 mm is the curvature scale of the bulk. Assuming 
radiation-domination, the brane's trajectory is given by the Friedmann equation 

(2) 

where an overdot indicates a derivative with respect to conformal time. The wavefunction 1f! 
satisfies the following boundary condition on the brane: 

(3) 

where n is the brane normal. To complete the specification of the problem, we need to set initial 
data on the an- hypersurface. This surface is located in spacetime by demanding that the 
perturbation wavelength be so times the horizon size at the epoch when an- crosses the brane. 

To solve for 1f! numerically, we take inspiration from well established techniques in black 
hole perturbation theory. We discretize the computational domain as shown in Fig. l (b) ; the 
evolution of 1f! over a given cell is obtained by integrating the wave equation over the 'finite 
element' and applying the divergence theorem. Because the individual elements are based on 
the characteristics of the wave equation ( 1 ) ,  we obtain a fast, accurate, and stable numeric 
algorithm. 

3 Results 

In Fig. 2, we show the result of a typical simulation of the GW amplitude. One can see how 
the value of the perturbation is frozen on the brane until it re-enters the horizon, as in 4-
dimensional theory. After horizon re-entry, some of the GW energy is radiated away into the 
bulk, and at late times the perturbation on the brane decays as l/a as usual. In Fig. 2 (b) , 
we show what the brane signal would be if one ignored the bulk and evolved the GWs as in 
ordinary general relativity. We see that the '5-dimensional' simulation result shows a suppressed 
late-time amplitude compared to the reference curve, reflecting the GW energy loss into the bulk 
that occurs at horizon crossing. Knowledge of the ratio between the simulation and reference 
amplitudes R as a function of the observed mode frequency I can be directly translated into a 
prediction for the spectral energy density nGw of the GW background today13: 

n R2 { 54.9 ,  
GW IX (f )  

36.4(/ / lc)4f3' 
_5 0.1 mm ( ) 1/2 

I c � 3.3 x 10 
--£-

Hz. (4) 

Our simulations show that as long as so � 100, R IX (f / lc)-2!3 for I � le and 'reasonable' 
initial data; i.e., field configurations that do not vary too quickly along Eu. On the other hand, 
we have found R � 1 for I .:S le in all cases. Hence, a fiat GW spectrum is recovered for all 
frequencies. 

2 1 1 



HKT formulation 
h(E,) = l , h, (E,) = 0 

4-dimensional 

(a) Bulk profile 

>z 

+0.3 

+ 0.2 

+ 0.1 

" 
0.0 ...; 

� 
- 0.1 

- 0.2 

- 0.3 

0 

-I "'"' � 
0 
,;;; .Q 

-2 

-3 
5-dimensional 

calculation 

(,., so) = (5, 10) 
w = 1/3 

--0.2 0 0.2 0.4 0.6 0.8 1.2 
log10(a/a.) 

(b) Brane profile 

Figure 2: Results of a typical numeric simulation using the initial conditions favoured by Hiramatsu et al. On 
the right, we have drawn what the brane GW signal h,.r would be if the bulk were neglected; i.e., if one solved 

the 4-dimensional master equation with a modified expansion rate given by (2). 
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DARK MATTER FROM ALMOST-COMMUTATIVE GEOMETRY 

C.A. STEPHAN 
Centre de Physique Thiorique, Campus de Luminy 

13288 Marseille, France 

During the last two decades Alain Connes developed Noncommutative Geometry 2 , which al­
lows to unify two of the basic theories of modern physics: General Relativity and the Standard 
Model of Particle Physics as classical field theories 1 . In the noncommutative framework the 
Higgs boson, which had previously to be put in by hand, and many of the ad hoc features 
of the standard model appear in a natural way. The aim of this presentation is to motivate 
this unification from basic physical principles and to give a flavour of its derivation. A clas­
sification of the relevant noncommutative geometries was achieved 3•5•9•4 as well as possible 
extensions 1 1•13 which arise from it. These extensions of the standard model contain novel 
fermions which provide viable candidates for the dark matter problem 12•13 . A short overview 
on the cosmological implications of these fermions will be presented. 

1 Noncommutative Geometry 

The aim: To unify general relativity (GR) and the standard model of particle physics (SM) on 
the same geometrical level. This means to describe gravity and the electro-weak and strong 
forces as gravitational forces of a unified space-time. 

First observation, the structure of GR: gravity emerges as a pseudo-force associated to the 
space-time symmetries, i.e. the diffeomorphisms of the manifold M. If one tries to put the SM 
into the same scheme, one cannot find an underlying geometric structure, which is  equivalent to 
space time. 

Second observation: one can find an equivalent description of space-time: Trade the differ­
ential geometric description of the manifold M with metric g for the algebraic description of a 
spectral triple (C00(M) , {), ?t) . A spectral triple consists of the following entities: 

• An algebra A (= C00(M)) , the equivalent of the topological space M 
• A Dirac operator D ( = {)) ,  the equivalent of the metric g on M 

• A Hilbert space ?t, on which the algebra is faithfully represented and on which the Dirac 
operator acts. It contains the fermions, i.e. in the space-time case, its the Hilbert space 
of Dirac 4-spinors. 

• A set of axioms 2, to ensure a consistent description of the geometry 

This allows to describe GR in terms of spectral triples. Space-time is replaced by the algebra of 
C00-functions over the manifold and the Dirac operator plays a double role: it is the algebraic 
equivalent of the metric and it gives the dynamics of the Fermions. 
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The Einstein-Hilbert action is replaced by the spectral action 1, which is the simplest in­
variant action, given by the number of eigenvalues of the Dirac operator up to a cut-off. A 
most important point is that the geometrical notions of the spectral triple remain valid, even 
if the algebra is noncommutative. The simplest way of achieving noncommutativity is done by 
multiplying the function algebra C00(M) with a sum of matrix algebras 

( 1 )  

with lK = JR, IC or IHI. These algebras, or internal spaces have exactly the U(N)- or SU(N)-type 
Lie groups as their symmetries. The choice 

(2) 

allows to construct the SM. The combination of space-time and internal space can be considered 
as a discrete Kaluza-Klein space. Here the Dirac operator plays again a multiple role: 

1 .  It is the algebraic equivalent of the metric for the external and the internal space 

2. It gives the dynamics and the mass matrix of the Fermions 

3. It contains the Higgs and the gauge Bosons 

The internal Hilbert space Ht is given by the Fermion multiplets of the SM. 

Now the spectral triple approach, combined with the spectral action 1 allows to unify GR and 
the SM as classical field theories: 

Almost-Commutative 
Spectral Triple A =  C00(M) 0 At 

act on 

Spectral Action = 
E-H Act.+Cosm.Const. 
+ Stand. Model Action 

The almost-commutative SM automatically produces: 

• The combined GR and SM action 

• A cosmological constant 

Int.+Ext. Symmetries 
= Diff(M) t>< 

U(l) x SU(2) x SU(3) 

• The Higgs boson with the correct quartic Higgs potential 

2 Classifying Almost-Commutative Geometries 

A classification of almost-commutative geometries was done 3,5,9,4 with respect to the number 
of summands in the internal algebra (1 )  and a "shopping list" for the physical properties of the 
models. The physical models emerging from the spectral action were required to have a non­
degenerate fermionic mass spectrum, to be free of harmful anomalies, to have unbroken colour 
groups and to possess no uncharged massless Fermions. 
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The classification for up to four summands in the internal algebra ( 1 )  gives for 

1 summand: No physical models 

2 summands: No physical models 

3 summands: The first generation of the standard model 

4 summands: The same as for 3 summands + an "electro-strong" model 

3 One Step Beyond: The AC-Model 

Rule of thumb: Enlarging the internal space, i.e adding summands to the internal algebra, will 
require new particles. They correspond to the enlarged Dirac operator which gives the necessary 
internal metric. One almost-commutative extension of the SM is known 1 1 •  It has as its internal 
algebra 

At = C EB IHI EB M3(C) EB C EEHC EEHC 
which is the SM algebra (2) plus three times the complex numbers. It predicts two new particles, 
A and C with the following properties: 

• Opposite (vectorlike) electro-magnetic charge 

• Opposite Z boson charge 

• Sterile to w± and strong interactions 

• Sterile to the Higgs boson 

• Their masses have their origin in the internal geometry and not in the Higgs mechanism 

These particles A and C may play the role of dark matter 12 if their electro-magnetic charge 
is ±2e, e being the charge of the electron. We take A to be of double negative charge and C 
of double positive charge. They appear bound in atom-like (AC)-systems and if their masses 
are sufficiently high mAc 2: 100 GeV to escape experimental constraints from particle colliders. 
Their mass is usually measured in units of 100 GeV called 82. These bound (AC)-atoms are 
neutral, have a sufficiently small cross section 

lT(AC) � 6 . 10-28 . 822 cm2 . 

and can thus be considered as WlMPs. Properties (problems or advantages?) of the AC-model: 

• A-- binds in the early universe with 4He++ nuclei into (AHe)-systems (OLe-Helium) 
which should pollute the matter today. They can be considered as SIMPs and may trigger 
nuclear reactions due to the lacking of a Coulomb barrier. 

• c++ binds into anomalous Helium (Gee) . It is the most problematic byproduct due to 
severe experimental constraints on anomalous helium in terrestrial matter. 

• The (AHe)-systems can "catalyse" the binding into (AC) dark matter. 

• The mass of the AC-particles is bounded by 82 � 105 since heavier AC-particles would 
over-close the Universe 

There are two possible mechanisms to solve the problem of OLe-Helium and anomalous Helium 
and to escape the experimental constraints: 
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l .  The gas shield of the heliopause is opaque to anomalous Helium and thus decreases the 
incoming flux significantly 12. This is sufficient to meet the severe experimental bounds in 
terrestrial matter. OLe-Helium seems to have quasi-elastic interaction and should thus be 
difficult to detect directly. But recombination with anomalous Helium into (AC)-atoms 
may be detectable due in large volume c;letectors (like Super Kamiokande) .  

2 . Almost-commutative geometry allows a Coulomb like interaction between the AC-particles 
which is not shared by the standard model particles 13 .  The AC-particles are again oppo­
sitely charged with respect to this "invisible light" . In this way their binding is enhanced 
and the abundances of anomalous Helium and OLe-Helium can be reduced significantly. 

4 Outlook 

-+ What are the influences of the AC-particles on SM parameters such as (g - 2) for electrons 
& muons? 

-+ Is OLe-Helium detectable? 

-+ A classification of almost-commutative geometries with more than 4 summands in the 
matrix algebra is in work. Is the AC-model unique? 
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Recently, the primordial non-gaussianity in the curvaton model has been predicted assuming 
sudden decay of the curvaton. \Ve extend the calculation to non-instantaneous decay by 
employing oN formalism. The difference between the sudden decay approximation and our 
numerical result is larger than 13 only if the non-linearity parameter is small, - 1. 16  < fNL < 
60. Thus it is safe to use the sudden decay approximation when deriving constraints for the 
curvaton model from WMAP3 (/NL < 1 14),  but with the Planck forecast /fNL /  < 5 one should 
employ the fully numerical result. Often, the curvaton perturbations oa have been assumed 
to be small compared to the background value of the curvaton field ao. Consequently, the 
variance L'l.2 = (oa2)/a6 has been assumed to be negligible. However, the measurements of 
CMB or large scale structure perturbation amplitude do not constrain the variance if the main 
contribution to it comes from the ultraviolet (UV) scales, i .e., from smaller than observable 
scales. We discuss how, even in this case: observational constraints on non-gaussianity set an 
upper bound to the small scale variance, L'l.bv < 90. 

1 Introduction 

Most inflationary models give rise to nearly Gaussian primordial curvature perturbations. Typ­
ically, prediction for the non-linearity factor /NL in single-field models is of the order of E -
the slow roll parameter which must be ;S 10-1 to guarantee the near scale-invariance of the 
primordial perturbations. In principle, measurement of /NL would give valuable information on 
the infiaton potential , but unfortunately such a tiny non-gaussianity will remain unobservable. 
The current upper bound from the WMAP three-year data 1 is IJNL I < 1 14  while Planck is 
expected to bring this down to l/NLI ;S 5, which is still orders of magnitude larger than the 
typical inflationary prediction. 

Nevertheless, there are classes of multi-field models that can lead to an observable non­
gaussianity. One well-motivated example is the curvaton model.2 In addition to the infiaton ¢ 
there would be another light weakly coupled scalar field (e.g., MSSM fiat direction) ,  curvaton 
er, which would be completely subdominant during inflation so that the infiaton would drive 
the expansion of the universe. The potential could be 3 V = �M2¢2 + �m2cr2. At horizon exit 
both fields acquire some classical perturbations that freeze in. However, the observed cosmic 
microwave (CMB) and large-scale structure (LSS) perturbations can result from the curvaton 
instead of the infiaton, if the infiaton perturbations are much smaller than 10-5 . To simplify 
the analysis, in this talk, we assume that the curvature perturbation from infiaton is completely 
negligible (¢ "" 0, and the curvature perturbation from curvaton (a is such that it leads to the 
observed amplitude of perturbations. 

After the end of inflation the infiaton decays into ultra-relativistic particles ( "radiation" ) the 
curvaton energy density still being subdominant. At this stage the curvaton carries pure entropy 
(isocurvature} perturbation instead of the usual adiabatic perturbation. Namely, the entropy 
perturbation between radiation and curvaton is Sra = 3((,. - (a) "" -3(a - Since the observatio1rn 
have ruled out pure isocurvature primordial perturbation4·5, a mechanism - curvaton decay 
into "radiation" - that converts the isocurvature perturbation to the adiabatic one is needed 
at some stage of the evolution before the big bang nucleosynthesis. 

As the Hubble rate H decreases with time, eventually m2 2:, H2 , and curvaton starts to 
oscillate about the minimum of its potential. Then it behaves like pressureless dust ( "mat­
ter" , Pa ex a-3) so that its relative energy density starts to grow with respect to radiation 
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(Pr ex a-4) . Finally, curvaton decays into ultra-relativistic particles leading to the standard 
radiation dominated adiabatic primordial perturbations.a However, this mechanism may cre­
ate from the initially Gaussian curvaton field perturbations strongly non-gaussian primordial 
curvature perturbations. The more subdominant the curvaton is during its decay the more non­
gaussianity results in. Since the time of the decay depends on the model parameters (such as 
the curvaton mass m and decay rate r" ) , the observational upper bounds on non-gaussianity 
provide a powerful method to constrain these parameters. 

In the simplest case the (possible) non-gaussianity results from the second order correction 
to the linear result 

( 1 )  

Here (1  i s  proportional to the Gaussian field perturbation at horizon exit, so it i s  Gaussian, and 
(f is x2 distributed. In this talk we briefly derive !NL in the sudden decay approximation using 
a slightly different and more general approach than in 6•7 and then, for the first time, present the 
results in the case of non-instantaneous decay of curvaton. For the full derivation and discussion 
of our results, see 8 . Since, in the early universe, all today's observable scales are super-Hubble, 
we take advantage of the separate universe assumption throughout the calculations. 

2 Sudden decay approximation 

In the absence of interactions, fluids with a barotropic equation of state, such as radiation 
(Pr = Pr/3) or the non-relativistic curvaton (Pu = 0),  have a conserved curvature perturbation 
11 

1 1p,(t,x) dp' (; (t , x) = oN(t, x) + -3 , �( ' ) ' p,(t) P; + i P; 
(2) 

where 8N = N(t, x) - N(t) with N(t, x) being the perturbed (i .e. local) number of e-folds 
of expansion until time t and N(t) being the average expansion. At the first order this fully 
non-linear definition reduces to the usual definition: (;1 = -1/;1 - H� with 1/;1 = -81N . 

Applying (2) for the curvaton during its oscillation but before the decay, we have 

(a(t , .f) = � In [Pu( tin , .f) ] , 
3 Pa (tin) oN=O 

(3) 

where Pa (tin , x) = �m2afn (.f) is evaluated on spatially flat (8N 0) hypersurface. The time 
of the beginning of the curvaton oscillation, tin , is defined in terms of the local Hubble rate as 
H( tin , x) = m. Since H2 = (87rG/3)Ptot o the constant time t = tin surface is a uniform-total 
density hypersurface. 

In general, ain depends non-linearly on the field value at horizon exit a •. Thus we write 
ain = g(a. ) = g(a. ) + g'oa. + �g" (8a.)2 + . . .  , where I =  a;aa •. (For exactly quadratic potential 
g" and higher derivatives vanish, but even a slight deviation from quadratic potential can change 
the resulting /NL considerably 12 via g" .) Substituting this into (3) and expanding up to second 
order we obtain (a = (u1 + �(u2 + . . .  with (a1 = � �8a * and (u2 = - � ( 1 - gg11 / g'2) (;1 , where 
8a * is well described by a Gaussian random field as we assume the inflaton and curvaton to be 
uncoupled (or only weakly coupled) .  

Assume now that the curvaton decays instantaneously at time tdec (before it has become com­
pletely dominant ) on a uniform-total density hypersurface corresponding to H = r u· i.e. , when 

"Hadn't we assumed negligible inflaton curvature perturbation, (� "" 0, some ''residual" isocurvature would 

have resulted if the curvaton was sub-dominant during its decay. This would have lead to an interesting mixture 

of correlated adiabatic and isocurvature perturbations which was studied in 9. Following the guidelines of 9 
our calculation should be straightforward to generalise. It should be noted that obser-vations do not rule out a 

correlated isocurvature component if it is less than 20% of the total primordial perturbation amplitude w 
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the local Hubble rate equals the decay rate for the curvaton (assumed constant) .  Hence 

(4) 

where we use a bar to denote the homogeneous, unperturbed quantity. Note that from Eq. (2) we 
have ( = 6N on the decay surface, and we can interpret ( as the perturbed expansion, or "6N" . 
Assuming all the curvaton decay products are relativistic (P = p/3) ,  we have that ( is conserved 
after the curvaton decay. The local curvaton and radiation densities on this decay surface may be 
inhomogeneous. Indeed we have from Eq. (2) (r = ( + ± In (Pr/ Pr) and (a = ( + � ln (Pa/ Pa) or, 
equivalently, Pr = .Ore4((r -() and Pa = .Oae3((a-0 . Requiring that the total density is uniform on 
the decay surface, Eq. ( 4) , then gives the simple relation ( 1 - Oa,dec)e4((r-() + Oa.dece3((a -() = 1 ,  
where Oa,dec = Pa/ (Pr + Pa) lctec is the dimensionless density parameter for the curvaton at the 
decay time. This equation can be rewritten in the form 

(5) 

where r = 4�nn��=:c .  Recalling Eq. (3) the LHS of Eq. (5) is Pa(tin , x)/.Oa(tin) = g2 [a,(x)J/g2 [a.J . 
As Eq. (5) is a fourth degree equation for e( , the primordial curvature perturbation ( as 

a function of Gaussian a. can be solved exactly. Remarkably, Eq. (5) was derived using fully 
non-linear definitions. Hence we have found an exact fully non-linear solution for ( (as opposite 
to second order calculations in the literature). Expanding this solution in 6a. up to second order 
we then find fNL, up to third order the so called TNL, etc. Since the exact solution is quite long, 
it turns out to be easier to directly expand RHS of Eq. (5) up to any wanted order, and then 
equate it to the LHS, i.e., to g2 [a.(x)J/g2 [a.] order by order. 

Up to second order the solution is (1 = r(a1 = r��8a. and (2 = [!,: (l +gg" /g'2 ) - 2 - r] (f , 
These give the non-linearity parameter (1 )  in the sudden-decay approximation 6•7 

fNL = fr (l + �) - � - 9rf . (6) 

3 Non-instantaneous decay 

After the curvaton has decayed the universe is dominated by "radiation'\ with equation of 
state P = p/3, and hence the curvature perturbation is non-linearly conserved on large scales. 
Although the sudden decay approximation gives a good intuitive derivation of both the linear 
curvature perturbation and the non-linearity parameter arising from second-order effects, it is 
only approximate since it assumes the curvaton is not interacting with the radiation, and hence (a 
remains constant on large scales, right up until curvaton decays. In practice the curvaton energy 
density is continually decaying once the curvaton begins oscillating until finally (when r > H) its 
density becomes negligible, and during this process (a does evolve, until it reaches equilibrium 
with ( = (a 1 3 .  Another problem with results derived from the sudden-decay approximation 
is that the final amplitude of the primordial curvature perturbation, and its non-linearity, are 
given in terms of the density of the curvaton at the decay time which is not simply related to 
the initial curvaton density, especially as the decay time itself is somewhat ambiguous. 

In the non-instantaneous case we can still define the first order transfer efficiency "r" of 
the initial curvaton perturbation to the output radiation perturbation, but now it must be 
calculated numerically from the definition r = (1 r,out/(1a.in · It turns out to be a function solely 

of the parameter 13 Pin = [Oa( f: ) 1 12] i11 = 
3
���

1 
( {!';,) 112 , where J\!�1 = l / (8nG) . 

We start the numerical integration of the background Friedmann eqn together with radiation 
and curvaton continuity eqns (with ±f' a Pa as a source term) from uniform-density surface at t in 
and end it when curvaton has completely decayed at some suitable uniform-density hypersurface 
H(tend , x) = Hend · Then the fully non-linear primordial curvature perturbation will be ( = 
(r,out = 8N(tend ,  x) . Repeating the calculation with hundreds of different initial values D"in we 
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Figure I: (a) The non-linearity factor fNL as a function of curvature perturbation transfer efficiency r 
(,,out/(a,in · The analytical approximative, i .e., sudden decay result (red dashed line) crosses zero at r = 0.58 
and is negative for r > 0.58. The exact numerical result ( black solid line) crosses zero at r = 0.53. (b) r vs Pin·  

find a function N(<7in) ·  From this we then calculate the first and second order quantities by 
employing oN = N'oe7. + !N"(o<7. )2 + . . .  := (1 + !(2 + . .  . ,  and finally 7 fNL = �N"/(N')2 .  
From Fig. la we see that if fNL > 60 (r < 0.02) or fNL < -1 . 1 6  (r > 0.95), the sudden decay 
result differs from the non-instantaneous decay result less than 1 %!' In the both cases as r -+ 1 ,  
we have fNL -+ -� .  As r -+ 0, the sudden decay result i s  !NL -+ � � (1 + gg" /g'2) - 1 .67, 
whereas the non-instantaneous decay gives fNL -+ � � ( 1  + gg"/g'2) - 2.27. We can write the 
full result in a form !NL = H(l + gg" /g'2) + �h(r)/r2, where the function h(r) is defined by 
r' = [2r + h(r)]g' /g, and determined numerically in the non-instantaneous case. For the sudden 
decay we have from (6) h(r) = -1r2 - �r3• 

Finally, we consider the possibility of a large small-scale variance 6. 2 = ( ( � ) 2 ) .  Let us 
17rn 

name the observable CMB scales as infrared (IR) and smaller scales as ultraviolet (UV) so 
that >.rn » >.uv » Hi-;/ .  As the observations require ((f) IR ;S 10-9 ,  they set constraint for 
!r26.jR' However, observations do not directly constrain 6.bv · Allowing large 6.bv we find 
fNL = � (1 + 6.bv) � ( 1  + gg" /g'2 ) + �h(r )/r2, where h(r) remains same as without large variance. 
Thus, large homogeneous small-scale variance modifies the first term of !NL only. Recalling that 
r ::;  1 ,  and -54 < fNL < 1 14 (from WMAP3 1 ), we find an upper bound 1 + 6.bv < � x 1 14  = 91 .  
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Long distance modifications of gravity in four dimensions. 

I. NAVARRO* and K. VAN ACOLEYENt 

* DAMTP, University of Cambridge, CB3 OWA Cambridge, UK 
t !PPP, University of Durham, DHJ 3LR Durham, UK 

We discuss some general characteristics of modifications of the 4D Einstein-Hilbert action that 
become important for low space-time curvatures. In particular we focus on the chameleon-like 
behaviour of the massive gravitational degrees of freedom. Generically there is at least an 
extra scalar that is light on cosmic scales, but for certain models it becomes heavy close to 
any mass source. 

1 The models 

In this talk we will look at some aspects of modifications of the four dimensional Einstein-Hilbert 
action that are of the following general form: 

S = f d4x...;=-g 16:G 
N 

[R + F(R, P, Q)] , (1 ) 

with P = RµvRµv and Q = Rµv>..pRµv>..p . We want to modify gravity at long distances or low 
curvatures, so we introduce some crossover scale µ where the modification kicks in, such that 
we have conventional general relativity (GR) for large curvatures and something different for 
low curvatures: 

R » F(R, P, Q) for R2, P, Q » µ4 and R « F(R, P, Q) for R2, P, Q « µ4 . (2) 

Models of this kind have been proposed as a way to generate late time acceleration without a 
cosmological constan� . For this to work the crossover scale has to be of the order of today's 
Hubble constant: µ � H0. In the Friedmann equation obtained for these theories, the mod­
ification then only becomes important at the present stage of the expansion of the Universe. 
Obviously the detailed predictions will depend on the specific model at hand. So far the only 
model that has been put to test is the n = 1 case of: 

µ2+4n 
F(R, P, Q) = -

(aR2 + bP + cQ)n ' (3) 

and it was found that it can fit the SN data? for a certain range of parameters a, b, c (but setil 
for stability constraints). 

2 The excitations 

To understand the physics of the models ( 1) a good starting point is to examine their excitations. 
In the case of GR, the two only degrees of freedom are contained in the massless spin 2 graviton. 
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For a massless spin 2 particle the weak field limit is unique and this mediates the gravitational 
force in a very specific way. For the models ( 1 ) ,  one will have six more degrees of freedom in 
addition to the massless spin 2 graviton4 . On vacuum, one of them is a massive scalar and the 
other five are contained in a massive spin 2 ghost, whose negative kinetic energy would arguably 
lead to the decay of a homogeneous background into a complete inhomogeneous state full of 
negative and positive energy excitations. To check the validity of these type of models one 
could try to calculate the decay time of the vacuum and check if the result is compatible with 
observations, but it is probably safer not to have ghosts at all. 

Fortunately one can show that the massive spin 2 ghost disappears altogether for modifica­
tions of the form F(R, Q - 4P) 5•6 , and we will assume this form from now on. The modification 
is then characterized by one extra scalar degree of freedom in addition to the massless spin 2 
graviton of GR. Remember that by the conditions (2) we can neglect the corrections due to the 
modification for large curvatures. This will translate itself to a large mass of the extra scalar on 
backgrounds that have a large curvature. Indeed, since the interaction range of an excitation 
is typically of the order of the inverse mass (we use units such that c = Ti = 1 ) ,  the scalar will 
effectively decouple on those backgrounds. For the models (3) for instance, the running of the 
mass ms with the background curvature R is given by an expression like 5: 

2 (n ) 2n+1 

m. � n 2 , µ 
(4) 

where R stands for a certain combination of components of the background Riemann tensor. 
Also the effective Newton's constant, describing the coupling of the gravitational excitations to 
matter, will run with the background curvature: 

aeff � GN 
N 1 + (�)2n+l ' (5) 

and again we see that we recover GR for large curvatures (G'J.!1 -+ GN)· 
This background dependence of the mass of the scalar and of the effective Newton's constant 

is a manifestation of the violation of the strong equivalence principle for this type of theories: 
the properties of the local gravitational excitations depend intrinsically on the background, in 
that sense they behave like a gravitational chameleori'. In general, one can have a complete 
breakdown of the local Lorentz symmetry for the short distance excitations. To assess the 
stability of a certain background under short distance fluctuations, one will have to look at the 
propagation of the degrees of freedom on that background. On general FRW backgrounds for 
instance, the propagation of the spin 2 graviton can be sub- or superluminal and its kinetic 
energy can be positive or negative"! . 

3 The Schwarzschild solution 

Gravity, like electromagnetism, has infinite range. This means that GR influences a huge variety 
of phenomena on a vast range of distance scales. So if you fiddle with it to get some interesting 
modification for the expansion of the Universe, you should check the effect on all the other 
gravitational phenomena. Now, if we think about the modification in terms of extra degrees of 
freedom there seems to be a problem. On one hand, if we want a modification at cosmic scales, 
we need the mass of these extra degrees of freedom to be at most of the order of today's Hubble 
constant, giving them an effectively infinite interaction range. But on the other hand we know 
that GR has been tested in our Solar System to very high accuracy which seems to exclude any 
extra light degrees of freedom. The way out of this problem is to have some mechanism that 
can decouple the extra degrees of freedom in the Solar System. As explained in the previous 
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section, for the type of models (1) the mass of the extra scalar grows for large curvatures which 
suggests that such a mechanism could take place. It is instructive to see how this happens and 
what the modification will be for a spherically symmetric solution corresponding to a central 
mass source M on a cosmological background, which we will take to be de Sitter for simplicity. 
(Notice that flat Minkowski space typically won't be solution.} From ( 4) we see that on the 
cosmic background the extra scalar is indeed very light: m, � Ha(� µ) . And at first order in 
the weak field expansion the Schwarzschild solution reads 5 (for distances r « H01) :  

where we have written separately the contributions from the spin 2 graviton and the scalar. If 
this was the solution in the Solar system, the theory would be clearly ruled out. Indeed, the 
contribution from the scalar in (6) would make it impossible to fit both the orbits of the planets 
and the observed light bending with the same value for Newton's constant. However, the weak 
field expansion breaks down at a huge distance rv = (GNM/HJ)114• For the Sun this distance 
is of the order of 10 kpC'. For shorter distances, inside the Solar system for instance, one can 
not trust the perturbative solution (6) anymore. This is in stark contrast with GR, where the 
weak field expansion can be trusted throughout the whole Solar System. 

In fact we could have guessed the perturbative expansion to break down when approaching 
the mass source, simply because we know that we should recover something very close to the 
GR solution for short distances. This happens because the curvature of the GR Schwarzschild 
solution (Q = 48(GN M)2 /r6} blows up close to the mass source, thereby killing the modificatiotf. 
We can then estimate the distance re where the modification becomes important by looking at 
the extra scalar. This scalar will produce an order one modification for distances r, smaller than 
its inverse mass. But we know that the mass depends on the background curvature (Eq. 4). 

For the GR Schwarzschild solution this gives a mass that runs with the distance as: (GNM) n+l 
m, (r) � µ 

µ2r3 

So we can expect the scalar to really modify things, only for distances for which: 

1 
r < -­m,(r) 

(7) 

(8) 

For the Sun, re is at least of the order of 10 pc (for n 2: 1), so the background dependence 
of the scalar mass indeed provides a mechanism that decouples the scalar in the Solar System. 
We recover therefore GR, up to small corrections. We have calculated these corrections in an 
expansion on the GR solution 8. They are typically smaller for larger values of n in (3) and their 
effects are too small for detection. 

So the situation for a static mass source on a cosmic background can be summarized as 
follows. At ultra large distances we get the perturbative solution (6) corresponding to an extra 
massless scalar with, in addition, a rescaled Newton's constant G� 1 .  For distances smaller than 
rv this perturbative picture breaks down and we enter a non-perturbative regime. So far we 
can not say that much about this regime, since the expansions that we have used break down. 
But then, at distances smaller than re(<  rv) ,  the scalar decouples and we can expand on GR, 
finding a solution that is very close to the GR one and where the corrections can be quantified. 

•A more realistic set up for the Sun would be to treat it as a probe on the background of the Milky Way, one 
then finds rv � 10  pc. 

bWe are assuming a modification that contains the Kretschmann scalar Q. This observation does not apply to 
F(R) modifications. 
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Let us now put the centre of a galaxy as the mass source. One could impose as a condition 
in these theories that they produce no modification in the dynamics of the galaxy. This will be 
the case for large values of n in (3), that give re � lMpc. A more ambitious alternative is to look 
for models that give a modification that could simulate the effects of dark matter at the galactic 
level. First of all, one can take a model for which c"tf 1 > GN. Measuring rotation curves at 
ultra large distances, one would then infer the mass of the galaxy to be larger than what it 
actually is. In that sense the non-perturbative region indeed seems to have the characteristics of 
a dark matter halo. However, from the success of MONIJl, we know that the distance (re) where 
the would-be dark matter halo begins should correspond to a universal acceleration a0 � H0. 
This is precisely the case for logarithmic actions1° .  But due to lack of space we will have to 
refer to the proceedings of another ta!k11 , given by one of us at a different session of this year's 
Rencontres de Moriond, for a report on the interesting phenomenology of this class of models. 

4 Conclusions 

Models of the type (1)  clearly have potential as a possible alternative for ACDM. Obviously, 
for them to become a real contender there are still a lot of questions that need to be answered. 
What is for instance the effect of the chameleon-like behaviour of the gravitational excitations 
on the CMB? Another concern, derived from the non-perturbative behaviour of these models, is 
that it is not yet clear how to estimate the effects of quantum corrections for this type of actions. 
This would be necessary, for instance, to have an idea of the amount of fine tuning required in 
these effective actions. Still, we believe that it is worthwhile to explore the bottom-up approach 
of building a generally covariant classical action to model long distance modifications of gravity; 
the advantage being that one can make clear contact with experiment at many levels. 
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Inflation with large gravitational waves. 

A. Vikman 
ASC, Physics Department LMU, Theresienstr. 37, Munich, Germany 

It is well known that in manifestly Lorentz invariant theories with nontrivial kinetic terms, 
perturbations around some classical backgrounds can travel faster than light. These exotic 
"supersonic" models may have interesting consequences for cosmology and astrophysics. In 
particular, one can show 1 that in such theories the contribution of the gravitational waves to 
the CMB fluctuations can be significantly larger than that in standard inflationary models. 
This increase of the tensor-to-scalar perturbation ratio leads to a larger B-component of the 
CMB polarization, thus making the prospects for future detection much more promising. 
Interestingly, the spectral index of scalar perturbations and mass of the scalar field considered 
in the model are practically indistinguishable from the standard case. Whereas the energy 
scale of inflation and hence the reheating temperature can be much higher compared to a 
simple chaotic inflation. 

1 Introduction 

One of the main consequences of inflation is the generation of primordial cosmological pertur­
bations 2 and the production of long wavelength gravitational waves (tensor perturbations) 3 .  
The predicted slightly red-tilted spectrum of the scalar perturbations is at present in excellent 
agreement with the measurements of the CMB fluctuations 4 .  The observation of primordial 
gravitational waves together with the detection of a small deviation of the spectrum from flat 
would give us further strong confirmation of inflationary paradigm. The detection of primordial 
gravitational waves is not easy, but they can be seen indirectly in the B-mode of the CMB 
polarization (see, for example, 5) .  In standard slow-roll inflationary scenarios 6 the amplitude of 
the tensor perturbations can, in principle, be large enough to be observed. However, it is only 
on the border of detectability in future experiments. 

There are a lot of inflationary scenarios where the tensor component produced during in­
flation is much less then that in the chaotic inflation. In particular, in models such as new 
inflation 7 and hybrid inflation 8, tensor perturbations are typically small 5. Moreover, in the 
curvaton scenario 9 and k-inflation 10, they can be suppressed completely. 
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A natural question is whether the gravitational waves can be significantly enhanced compared 
to standard scanarious. Recently it was argued that the contribution of tensor perturbations to 
the CMB anisotropy can be much greater than expected 1 1 •12 . However, it was found in 13 that in 
the models considered in 1 1 •12 one cannot avoid the production of too large scalar perturbations 
and therefore they are in contradiction with observations. 

In the paper 1 we introduced a class of inflationary models where the B-mode of polarization 
can exceed that predicted by simple chaotic inflation. These models resemble both k-infiation 
10 and chaotic inflation 6 . Inflation occurs due to the potential term in the Lagrangian, and the 
kinetic term has a nontrivial structure responsible for the large sound speed of perturbations. 
In this talk I will review the model from 1 . 

2 Basic equations and main idea 

The generic action describing a scalar field interacting with the gravitational field is 

(1 ) 
where R is the Ricci scalar and p( </J, X) is a function of the scalar field </J and its first derivatives 
X = � V' µ</i'V'µ</J. We use Planck units, where G = Ii =  c = l. In the case of the usual scalar field 
the X -dependence of p is trivial, namely, p = X - V (</!) , while k-infiation and k-essence 10•14•5 
are based on the non-trivial dependence of p on X. For X > 0, variation of the action ( 1) with 
respect to the metric gives the energy momentum tensor for the scalar field in the form of an 
"hydrodynamical fluid" : (2) 
Here the Lagrangian p(</J, X) plays the role of pressure, the "four-velocity" is uµ = V' µ</i/../2X. 
and. the energy density is given by £ = 2Xp,x - p where P,x = 8p/8X. Let us consider a 
spatially fiat Friedmann universe with small perturbations: 

(3) 

where cl> is the gravitational potential characterizing scalar metric perturbations and hik is 
a traceless, transverse perturbations describing the gravitational waves. The minimal set of 
equations for the evolution of the scale factor a (t) and the scalar field </J (t) is given by 

H2 :: ( � r = 8; c and 

where the dot denotes the derivative with respect to time t and the "speed of sound" is 

c� ::  P,X = [1 + 2XP;XX ] -l c,x P,x 

(4) 

(5) 

One can show that cs is in fact the speed of propagation of the cosmological perturbations 15•5 . 
The stability condition with respect to the high frequency cosmological perturbations requires 
c� > 0. For simplicity let us consider theories with Lagrangians of the form p = K(X) - V(<fi) . 
From the equations of motion ( 4) it is clear that, if the slow-roll conditions 

XK,x « V, and K « V, 1 ¢ / « V:<1> £,x (6) 

are satisfied for at least 75 e-folds then we have a successful slow-roll inflation due to the potential 
V. In contrast to ordinary slow-roll inflation one can arrange here practically any speed of sound 
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4 by taking an appropriate kinetic term K (X) 1 . The crucial point is that the amplitude of 
the final scalar perturbations (during the postinflationary, radiation-dominated epoch) and the 
ratio of tensor to scalar amplitudes on supercurvature scales are given by (see, 5 ) :  

cl2 � 64 ( c: ) cl� :::: 21 (cs (1 + E) )  . (7) 
<!> - 81 CS (1 + p/c:) cs kc::. Ha

' cl<!> f kc::.Ha 

Here it is worthwhile reminding that all physical quantities on the right hand side of Eqs. (7) 
have to be calculated during inflation at the moment when perturbations with wave number k 
cross corresponding Horizon: csk :::: Ha for cl<1> and k :::: Ha for clh respectively. The amplitude of 
the scalar perturbations cl<1> is a free parameter of the theory which is taken to fit the observations. 
Therefore, it follows from (7) that the tensor-to-scalar ratio can be arbitrarily enhanced in such 
models. 

3 "Simple" model 

As a concrete example let us consider a simple model with Lagrangian 

p(¢, X) = a2 [J1 + �� - 1] - �m2¢2, (8) 

where constant a is a free parameter. For 2X « a2 one recovers the Lagrangian for the usual 
free scalar field. The function p is a monotonically growing concave function of X, therefore the 
system is ghost-free. The effective speed of sound, c} = 1 + 2X / a2 , is larger than the speed of 
light, approaching it as X -+ 0. In the slow-roll regime and for p given in (8), equations (4) 
reduce to � H ::: y 3m¢, 
For l27ra2 > m2 there exists a slow-roll solution: 

. me.. _ ( _ �) -1/2 ¢ :::: - .,;'1'21r' where c.. 
-

1 12na2 , 

(9) 

(10) 
is the sound speed during inflation. The sound speed is constant and can be arbitrarily large, if 
we take 12na2 -+ m2. The pressure and energy density during the slow-roll regime are given by 

2 ( 1 c; ¢2 ) 2 ( 1 c.. ¢2 ) p :::: m 12n 1 + c.. - 2 ' f :::: m 127!" 1 + c* + 2 ' 
respectively. And for the scale factor we have 

a (¢) :::: a1 exp (: (ef>J - ¢2)) , 

( 1 1 )  

(12) 

where we have introduced subscript f for the quantities at the end of inflation. The inflation 
is over when (c: + p) /c: :::: c../ (67r¢2) becomes of order unity, that is, at ¢ � ef>t = v'c../67!". 
After that the field ¢ begins to oscillate and decays. Given a number of e-folds before the end 
of inflation N, we find that at this time 2n¢2 /c.. :::: N, and, hence, (t: + p) /t: :::: 1/3N does not 
depend on c*. Thus, for a given scale, which crosses the Hubble scale N e-folds before the end of 
inflation, the tensor-to-scalar ratio is clVcl� :::: 27c.. (1 + p/t:) :::: 9c*/ N. It is clear that by choosing 
a close to the critical value m/.,;'1'21r we can have a very large c* and consequently enhance this 
ratio almost arbitrarily. Finally one can estimate the mas which is needed in order to reproduce 
the observed cl<1> � 10-5 .  Combining estimations made above we obtain m :::: 3../f.;cl<!> / 4N or 
for N � 60, m � 3 · 10-7 similarly to the usual chaotic inflation. The spectral index of scalar 
perturbations reads 5 : n8 - 1 :::: -3 (1 + p/t:) - H-1d (ln ( 1  + p/t:) ) /dt :::: -2/N this is exactly 
the same tilt as for the usual chaotic inflation. 
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4 Conclusions 

We have shown above that in theories where the Lagrangian is a nontrivial, nonlinear function 
of the kinetic term, the scale of inflation can be pushed to a very high energies without coming 
into conflict with observations. As a result, the amount of produced gravitational waves can 
be much larger than is usually expected. If such a situation were realized in nature then the 
prospects for the future detection of the B-mode of CMB polarization are greatly improved. Of 
course, the theories where this happens are very unusual. For example, the Cauchy problem 
is well-posed not for all initial data 16•17. Moreover, the horizons lose their universality 18•19 . 
Therefore, future observations of the CMB fluctuations are extremely important since they will 
not only restrict the number of possible candidates for the inflaton but also shed light on the 
problem of the "superluminal" propagation. 
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Constraining Inverse Curvature Gravity with Supernovae 

J. Weller1 , 0. Mena2 and J. Santiago2 
1 Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, 

UK. 
2 Fermi National Accelerator Laboratory, Batavia, IL 60510-0500, USA. 

We show how modifications of gravity, which involve inverse curvature terms, can fit the 
observed magnitude - redshift relation of distant type Ia Supernovae. In order to achieve this 
we have to solve the modified Friedmann equations and we discuss different regimes of the 
solution, dependent on the free parameters, which lead to accelerated expansion. 

1 Introduction 

Evidence for an accelerated expansion of the Universe has been mounting in recent years 
1 •2•3,5 ,5,7,s,4 . While the precision of the data is continually improving, explanations for the cause 
of accelerated expansion are still in its infancy and at best ad hoc. In principle there are four 
possible ways to explain the observations: the strong energy condition is violated, i.e. the late 
Universe; is dominated by a fluid with p+ 3p :<::: 0, with p the energy density in the fluid and p its 
pressure; gravity is modified on large scales and this modification leads to accelerated expansion; 
the Universe as a whole is not homogeneous and we are happening to be in a bubble, which is 
expanding in an accelerated fashion; or the data might be wrong. In this talk we concentrate 
on the second possibility. In a similar fashion as models of Quintessence 9•10• 1 1 • 12 are motivated 
by inflationary models, the modification of gravity we discuss here, has been first discussed by 
Starobinsky for early de Sitter Universes 13 .  If we look at the action for gravity 

where g is the determinant of the metric, R the Ricci curvature scalar and Lm the matter 
Lagrangian. The curvature term can be generalized to R + mRn. Starobinsky noticed that for 
n > 0 this can lead to de Sitter solutions in the early Universe. In order to obtain acceleration in 
the late Universe at large scales, where the Universe is approximately fiat the only requirement 
is n < 0. This has been investigated in 14 . The surprising finding was that an additional 1 / R 
term in the Einstein-Hilbert action would allow for accelerated expansion solutions in the late 
Universe, which are attractor solutions. In other words they do not require extremely fine tuning 
of the initial conditions in order to explain the observations. However, it was soon noticed that 
these models are in serious trouble with solar system tests 15 . 

2 General Inverse Curvature Models 

However, the form of the gravitational action suggested by Starobinsky 13 is not completely 
general. In general one can try to add any quadratic combination of the curvature scalar, Ricci 
and Riemann tensor to the action. In order to obtain accelerated expansion the general allowed 
form of the action is 

1 J 4 ( µ4+n ) 
S = 16?TG d xFg R + (aR2 + bP + cQt + Lm· ' ( 1 )  

with P = Rµ,,Rµ" the square of the Ricci tensor, Q = RµvpuRµvpu the square of Riemann tensor 
and G Newton's constant. Models with this action have an unstable de Sitter solution and later 
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time power law acceleration 1 6 .  However, if one introduces explicit dependence on the Riemann 
tensor into the action the equations of motion become fourth order and there might be ghost-like 
excitation due to the presence of a massive spin-2 gravitons with negative energy eigenstates. 
However it was shown in 17 that in case P and Q appear in the combination 4P - Q, which 
interestingly is also realized in Gauss-Bonnet gravity, the massive spin-2 excitations vanish. 
Furthermore it was shown that for the models, which lead to accelerated expansion today all 
solar system tests are passed 18 .  This is due to the fact that in order to obtain accelerated 
expansion µ has to be chosen roughly of the order of the observed Hubble constant Ho , ie. 
µ � 10-33 e V. After the presentation of this talk a paper was submitted 19 ,  which showed that 
besides the problem with ghost-like excitations, these models are also threatened by tachionic 
propagation modes. However there are parameter combination of a, b and c, where non such 
modes are present! 

3 Solving the Modified Friedmann Equation 

In order to obtain a theoretical prediction we have to solve the modified Friedman equation for 
the n = 1 model 20 .  For a compact notation we define the following quantities: a = g�$jg$��, 
P, = 1 1116 , a =  sign (12a + 3b + 2c) .  We will solve the dynamical system in the variables 12a+3b+2c 
u = In(H/p,) ,  with H = a/a the Hubble parameter. As time variable we choose e-foldings 
N = In a. We then obtain for the modified Friedman equation 

(2) 

where a prime denotes the derivative with respect to N and we have defined the following 
polynomials, P1 (y) = 6a2y2 + 24ay + 32 - 8a, P2(y) = 15a2y4 + 2a(50 - 3a)y3 +4(40 + 1 la)y2 + 
24(8 - a)y + 32, P3 (y) = ay2 + 4y + 4 .  The source is ii =  In [wr exp(-4N) + Wm exp(-3N)] /2, 
where we have defined the appropriately normalized values of the energy densities today as B�G PrA'2" = Wr,m , with P�,m the present densities in matter and radiation and we have exploited 
the fact that the energy-momentum tensor is still covariantly conserved. This means that the 
source in Eqn. (2) corresponds to a matter component with no dark energy. In theory one would 
solve the Friedmann equation in (2) for arbitrary initial conditions. However since the 2nd order 
differential equation is stiff and possibly ill-conditioned, this seems impossible to achieve. We 
therefore took the following approach: We assumed that in order to obtain cosmologies, which are 
not ruled out by observations, the Universe has to have phases, where it is radiation and matter 
dominated. Starting from these initial conditions allows one to construct stable approximate 
solution, which exhibit small corrections to the scaling of H compared to a matter or radiation 
dominated Universe. However, at late times there are significant deviations from a matter 
dominated Universe. We found that our approximate solution is valid to within 0 .1  % for z > 7. 
We hence employ the approximate solution for large redshift and then use this solution as an 
initial condition for the exact numerical solution starting at z = 7. This is numerically feasible 
and stable 20 .  However we also have to make sure that this method of solving the equations 
is valid for all possible parameter choices of Wm, a and a. In order to classify the different 
regions, we define the following special values of a: a1 = 8/9 , a2 = 4(11 - VTI)/27 � 1 .095 and 
a3 = 20(2 - v'3)/3 � 1 .786. For a < a1 both signs of a result in an acceptable (non-singular) 
dynamical evolution, but nevertheless in a bad fit for Supernovae data. For a1 < a < a2 only 
a = - 1  leads to an acceptable expansion history, since for a = + 1 a singular point is violently 
approached in the past. For a2 < a the singular point is approached for a = - 1 ,  hence a = + 1 
is the only physically valid solution. In this latter case, when a2 < a < a3, the system goes to 
a stable attractor that is decelerated, thus giving a bad fit to SNe data, for a < 32/21 and gets 
accelerated for larger a. For a3 < a there is no longer a stable attractor and the system smoothly 
goes to a singularity in the future. That singularity occurs earlier as a increases so that there is 
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a limiting function a4 (wm) , at which the singularity is reached today. It is important to stress 
that this singularity is approached in a very smooth fashion, allowing for a phenomenologically 
viable behaviour of the system, as opposed to the evolution when the wrong value of a is chosen, 
where the singularity is hit almost instantaneously. Finally, for values of a > 24.9, there are 
stable attractors again but these are never accelerated and the resulting fit to SNe data is not 
acceptable. To summarize, there are two regions that give a dynamical evolution of the system 
compatible with SNe data, the low region with a1 < a <  a2, for which a =  - 1, and the high 
region where a2 < a <  a4, for which a =  +l . 

4 Comparison to Supernovae Data 

In order to compare to the observed magnitude-redshift relation we have · to work out the lu­
minosity distance in a flat Universe dL(z) = c(l + z) ft I/'�') . In order to fit the theory to 
the observed magnitude - redshift relation there is an add1t10nal ambiguity of choice of the 
intrinsic magnitude M of the Supernovae. This leads in standard gravity to the inability to 
obtain constraints on Ho just from SNe. For the modified gravity model this results in the 
inability to constrain fl. Taking into account the results from the dynamical analysis we can 
hence simultaneously fit for a and Wm with the Supernovae data. For the analysis presented 
here we choose a recent compilation of Supernovae samples by 3 .  In Fig. 1 we show the results 

0.8 1.0 1.2 1.-4 1.6 1.8 2.0 2.2 

Figure 1: 1 and 2-<T joint likelihoods on Wm and a. In the low region <T = -1 whereas in the high region <T = +L 
The shaded area on the right determines the region a > a,. that is  excluded because of a singularity being hit in 

the pa.st. The diamonds denote the maximum likelihood points. 

of this analysis. The best fit value in the low region is a = 0.9 and Wm = 0.105 and in the 
high region a = 2.15 and Wm = 0.085. In order obtain constraints on the physical matter 
density Wm and fl we have to use additional data, which measures the expansion rate today. 
This can be achieved either with direct measurements of the Hubble rate, like with the Hubble 
Key Project 21 with Ho = 72 ± 8 km/sec/Mpc or with estimates of the age of the Universe via 
the age of globular clusters 22 with a mean to = 13.4 Gyr with to larger than 11 .2  Gyr at the 
95% confidence level. In Fig. 2 we show the results for including a prior on Ho. In this case 
we obtain Wm = 0.14 ± 0.03 in the low region and Wm = 0.14 ± 0.04 in the high region. An 
additional constraint we applied is the measurement of the angular diameter distance to the last 
scattering of cosmic microwave photons. This was given by the WMAP team first year data 
release to be dA (z = 1100) = 14.0 ± 0.3 Gpc. Note that this number has hardly changed with 
the third year release of the WMAP data 6. In oder to compare the modified gravity models 
with the constraints from WMAP one can calculate d.4.(z) = dL (z)/(1 + z)2 .  However, we want 
to caution the reader here. In order to use CMB data to constrain modified gravity models one 
has really to perform a full perturbation analysis for the modified models. Otherwise one can 
not be sure that the results presented in the dotted lines of Fig. 2 are valid. It might be that 
the modifications to gravity we propose here are not stable and the whole linear perturbation 
regime breaks down. This might be a drastic view, but all we want to emphasize is that one 
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Figure 2: Joint 1 - and 2 - a contours. in Wm-P.· The large dashed contours are with a prior on Ho only, filled 
contours with an additional prior .on to and the dotted innermost contours with an additional prior from the 

angular diameter distance to 'the CMB last scattering surface as measured by WMAP first year release. 

can not be sure before doing such a calculation. Nevertheless the presented constraint can act 
as a guideline as what is to be expected from CMB constraints if "everything goes well" m a 
perturbation analysis. 

5 Conclusion 

We have presented an analysis, which shows that an inverse curvature gravity model can explain 
Supernovae observations of the expansion rate to a satisfactory level. While these models might 
have many problems regarding their consistent theoretical formulation, one should nevertheless 
be open minded, that not just an additional component in the Einstein equations, i.e. dark 
energy, can explain accelerated expansion of the Universe. 
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IV - THE FUTURE 
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We present the POLEMICA 1 (Polarized Expectation-Maximization Independent Component 
Analysis) algorithm which is an extension to polarization of the SMICA 2 temperature com­
ponent separation method. This algorithm allows us to estimate blindly in harmonic space 
multiple physical components from multi-detectors polarized sky maps. Assuming a linear 
noisy mixture of components we are able to reconstruct jointly the electromagnetic spectra 
of the components for each mode T, E and B, as well as the temperature and polarization 
spatial power spectra, TT, EE, BB, TE, TB and EB for each of the physical components 
and for the noise on each of the detectors. This has been tested using full sky simulations 
of the Planck satellite polarized channels for a 14-months nominal mission assuming a simple 
linear sky model including CMB, and optionally Galactic synchrotron and dust emissions. 

1 Introduction 

Mapping the Cosmic Microwave Background (CMB) polarization is one of the major challenges 
of future missions in observational cosmology. CMB polarization is linear and therefore can 
be described by the first three Stokes parameters I ,  Q and U which are generally combined 
to produce three fields (modes) ,  T, E and B. The polarization of the CMB photons carries 
extra physical informations that are not accessible by the study of the temperature anisotropies. 
Therefore its measurement helps breaking down the degeneracies on cosmological parameten 
as encounter with temperature anisotropies measurements only. Furthermore, the study of thE 
CMB polarization is also a fundamental tool to estimate the energy scale of inflation. 

However, CMB polarization is several orders of magnitude weaker than the temperatun 
signal and therefore, its detection needs an efficient separation between the CMB and the astro­
physical foregrounds which are expected to be significantly polarized. 

A direct subtraction of these foreground contributions on the CMB data will require ar 
accurate knowledge of their spatial distributions and of their electromagnetic spectra. But thesi 
latter are not yet well characterized in polarization. 

To try to overcome the above limitations, a great amount of work has heen dedicated tc 
design and implement algorithms for component separation which can discriminate betwee1 
CMB and foregrounds. We present here the PoLEMICA (Polarized Expectation-Maximizatim 
Independent Component Analysis) algorithm which is an extension of the Spectral Matchin1 
Independent Component Analysis (SMICA) 2 which has been developed to consider both a full; 
blind analysis for which no prior is assumed and a semi-blind analysis incorporating previou 
physical knowledge on the astrophysical components. This extension allows to estimate joint!: 
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the temperature and polarization parameters from a set of multi-frequencies I, Q and U sky 
maps. 

2 Model of the microwave and sub-mm sky 

To perform the separation between CMB and the astrophysical foregrounds, the diversity of 
the electromagnetic spectra and of the spatial spectra of the different components is generally 
used. Observations from a multi-band instrument, for the Stokes parameters I, Q and U, can 
be modeled as a linear combination of multiple physical components leading to what is called a 
Multi-Detectors Multi-Components (MD-MC) modeling. 

Assuming an experiment with n,, detector-bands at frequencies v; and nc physical compo­
nents in the data, working in the spherical harmonics space, we can model the observed sky for 
X = {T, E, B} ,  for each frequency band and for each {e, m} 

nc v,X _ '"°' Av,X c,X + v,X 
Yem - L., c 8tm nem ( 1 ) 

c=l 

where y�;;: is a vector of size (3 · n,, · ne · nm) containing the observed data, s�� is a (3 · nc · ne · nm) 
d "b' h 1 d v x . f h . h v x vector escn mg eac component temp ate an ne;,,, 1s a vector o t e same sJZe t an Ye;,, 

accounting for the noise. A�,x is the mixing matrix containing the electromagnetic behaviour 
of each component and is of size (3 · n,,) x (3 · nc) 

The aim of the component separation algorithm presented in here is to extract A�,x , s�� 
and n�� from the y�;;: sky observations. 
3 A MD-MC component separation method for polarization 

To reduce the number of unknown parameters in the model described by equation ( 1 ) ,  it is 
interesting to rewrite this equation in terms of the temperature and polarization auto and cross 
power spectra and to bin them over £ ranges. 

(2) 

where Ry (b) and Rn(b) are (n,, · 3) x (n,, · 3) matrices and R8 (b) is a (nc · 3) x (nc · 3) matrix. We 
assume that the physical components in the data are statistically independent and uncorrelated 
and that the noise is uncorrelated between channels. 

To estimate the above parameters from the data we have extended to the case of polarized 
data the spectral matching algorithm developed in SMICA 2 for temperature only. The key issue 
of this method is to estimate these parameters , or some of them (for a semi-blind analysis) , 
by finding the best match between the model density matrix, Ry(b) ,  computed for the set 
of estimated parameters and the data density matrix Ry(b) obtained from the multi-channel 
data. The likelihood function is a reasonnable measure of this mismatch. We have extended 
this method to jointly deal with the temperature and polarization power spectra and also to 
estimate the TE, TB and EB cross power spectra 1 .  

The maximization of the likelihood function i s  achieved via the Expectation-Maximization 
algorithm (EM) 3. This algorithm will process iteratively from an initial value of the parameters 
following a sequence of parameter updates called 'EM steps'. By construction each EM step 
improves the spectral fit by maximizing the likelihood. For a more detailed review of the spectral 
matching EM algorithm used here, see 2 .  
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4 Simulated microwave and sub-mm sky as seen by Planck 

Following the MD-MC model discussed above and given an observational setup, we construct, 
using the HEALPix pixelization scheme 5 and in CMB temperature units, fake I, Q and U maps 
of the sky at each of the instrumental frequency bands. For these maps we consider three main 
physical components in the sky emission: CMB, thermal dust and synchrotron. Instrumental 
noise is modeled as white noise. 

The CMB component map is randomly generated from the polarized CMB angular power 
spectra for a set of given cosmological parameters. In the following we have used Ho = 71 km · 
s- 1  . Mpc- 1 , Db = 0.044, Dm = 0.27, nA = 0.73 and T = 0 .17 that are the values of the 
cosmological concordance model according to the WMAP 1 year results 7 .  

For the diffuse Galactic synchrotron emission we use the template maps in  temperature and 
in polarization provided by 4 •  Here we have chosen to use a constant spectral index equal to the 
mean of the spectral index map, a =  -2.77, so that the simple linear model of the data holds. 

In the case of the thermal dust we dispose of few observational data of the polarized diffuse 
emission and to date no template for this is available. Thus, we have considered a power-law 
model, renormalized to mimic at large angular scales the TE cross power spectrum measured 
by Archeops at 353 GHz 6. I, Q and U full-sky maps are generated randomly from these power 
spectra. We extrapolate them to each of the frequency of interest by assuming a grey body with 
an emissivity of 2. 

Noise maps for each channel are generated from white noise realizations normalized to the 
nominal level of instrumental noise for that channel. 

We have performed sets of simulations of the expected Planck satellite data to intensively 
test the algorithm presented above. We present here results from 300 realizations considering 
full-sky maps at the LFI and HFI polarized channels, 30, 40 and 70 GHz for LFI and 100, 143, 
217 and 353 GHz for HFI for a nominal 14-month survey. We have simulated maps at nside 
= 512 which permits the reconstruction of the angular power spectra up to £ '.::::'. 1 500. The 
reconstructed spectra will be averaged over bins of size 20 in £. 

5 Results 

We have applied the PoLEMICA component separation algorithm to the simulations presented 
above. From them, we have computed the data density matrix Ry and applied the algorithm. 
We simultaneously estimate the R8, Rn and A matrices, with no priors, for temperature and 
polarization. To ensure the reliability of the results we have performed 10000 EM iterations and 
checked, for each simulation, the convergence of the EM algorithm. 

We present in figure 1 the reconstructed CMB power spectra. We can see that for the TT, 
TE, TB and EB spectra, we are able to reconstruct the Ct over the full range of £ values that are 
accessible at this pixelization resolution (£max � 1500) .  The EE spectrum is recovered accurately 
up to £ '.::::'. 1200. For smaller angular scales, a bias appears. This bias is a pixelization problem 
that would occur at a larger £ if the resolution was higher. The BB spectrum is reconstructed 
up to £ '.::::'. 70. For larger £, the reconstructed spectrum is residual noise arising from the fact 
that the convergence of the EM algorithm is slow and therefore we have not properly converged. 
This bias appears in our separation when the signal over noise ratio is below 10-2 and does not 
affect the reconstruction of the other parameters. Even if we were able to avoid this effect, the 
recovered BB spectrum would be compatible with zero for £ >  70 thanks to the size of the error 
bars. 

The power spectra from our input synchrotron and dust emissions are recovered with ef­
ficiency up to £ '.::::'. 1500 for TT, EE, BB, TE, TB and EB 1 . Power spectra of the noise in 
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Figure 1: Reconstruction of the CMB power spectra for crT , Cf E ,  Cf B, c[E, Cf 8 and Cf B at 100 GHz in 
µK�MB performed on Planck full sky maps simulations. Crosses represent the reconstructed spectra, solid lines 

the input model. Error bars are the dispersion over � 300 simulations. 

temperature and in polarization are also fully reconstructed 1 . 
The mixing matrix A elements corresponding to CMB and dust em1ss10n are recovered 

efficiently, for temperature and polarization. For the synchrotron emission, mixing matrix ele­
ments corresponding to polarization are well recovered and those corresponding to temperature 
are biased at intermediate frequency values 1 . This bias is due tu a slight mixing up between 
synchrotron and CMB in temperature. It does not happen in polarization where the synchrotron 
dominates the CMB. This bias can be avoided by the adj unction of priors in the separation, like 
for example assuming an equal electromagnetic spectrum in temperature and polarization for 
each component 1 

To evaluate the impact of foregrounds in the determination of the CMB temperature and 
polarization power spectra we have compared the results of the presented analysis to those on 
simulations that contain only CMB and noise. In the presence of foregrounds, the error bars on 
the reconstruction of the CMB power spectra are increased by at least a factor of two both in 
temperature and in polarization 1 . Therefore, although the foreground contribution in the data 
can be removed, it significantly reduces the precision to which the CMB polarization signal can 
be extracted from the data. 

1 .  Aumont J. & Macias-Perez J.-F. , 2006, submitted to MNRAS, astro-ph/0603044 
2. Delabrouille J . ,  Cardoso J.-F. & Patanchon G . ,  2003, MNRAS, 346, 1089 
3. Dempster A., Laird N. & Rubin D, 1 977, .J . of the Roy. Stat. Soc. B, 39, 1 
4. Giardino G . ,  Banday A. J . ,  Gorski K. M. , Bennet K. ,  Jonas .J. L. & Tauber J . ,  2002, 
A&A, 387, 82 

5. Gorski K. M., Hivon E. & Wandelt B. D . ,  1999, astro-ph/9812350 
6.  Ponthieu N. et al. ,  2005, A&A, 444, 327 
7. Spergel D. N. et al., 2003, ApJS, 148, 1 75 
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SZ Surveys are Coming: What should we do? 

J.G. Bartlett 
AFC, 11 pl. Marcelin Berthelot, 75231 Paris Cedex 05, FRANCE (UMR 7164 - CNRS, Universite 

Paris 7, CEA, Observatoire de Paris) 

Galaxy clusters furnish extremely rich information on the contents and structure of our uni­
verse. The potential of galaxy cluster studies to constrain dark energy, for example, motivates 
a number of ambitious cluster surveys. Among these, surveys based on the Sunyaev-Zel'dovich 
. (SZ) effect are particularly powerful for their ability to cleanly select clusters out to redshifts 
z > 1. Now poised to begin surveying substantial areas of sky, dedicated interferometers, 
bolometer cameras and the Planck satellite will soon produce large cluster catalogs that will 
provide a precise measure of the cosmic expansion rate over a range of redshifts and precipi­
tate a new understanding of structure and galaxy formation. I review the science potential of 
these surveys and examine some issues of SZ cluster catalog construction. 

1 Introduction 

Detailed observations of the cosmic microwave background anisotropies 1 ,  distant SNia 2 and 
of the galaxy distribution 3 have driven the tremendous advance in recent years leading to the 
development of a standard cosmological model. Ongoing research aims to test the model's 
coherence and to answer outstanding fundamental questions: What is the nature of dark matter 
and of the mysterious dark energy accelerating the present expansion of the universe? What is 
the physics of the early universe, in particular of the inflation epoch? How can we use detailed 
cosmological observations to probe fundamental physics, such as the neutrino sector? And 
how do galaxies form and evolve in the cosmic web of large-scale structure. These exciting 
questions inspire large observational programs centered on the CMB, SNia searches and wide­
field multiband surveys. 

Galaxy clusters offer a unique avenue of attack on several of these key questions: 

1. Their abundance and evolution with redshift are highly sensitive to the statistics and 
growth rate of the density perturbations, which in turn depends on the cosmological pa­
rameters; 

2. They are ideal tracers of the largest scale structures. With a mean separation of � 50 Mpc, 
they efficiently sample structures of wavelength � 100 Mpc and larger, such as the baryon 
acoustic peaks in the matter power spectrum (see Figure 1 )  4 ;  

3 .  They provide a well-defined, quasi-closed environment for galaxy formation studies. I n  the 
cluster environment we directly observe the stellar, diffuse gas and dark matter components 
of the cosmic fluid; 

4.  Combined X-ray and millimeter cluster observations (the Sunyaev-Zel'dovich effect; see 
below) permit distance measurements and hence the construction of a Hubble diagram with 
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Figure 1 :  Left: The effective volume as a function of wavenumber for the SDSS LRG sample (middle, red solid 
curve) and for two mass-limited cluster samples, one at M > 1014 Mo (upper, blue dashed line) and one at 
M > 2 x 1014 Mo (lower, blue solid line). In all cases the survey area is fl,0,v•y = 4000 deg2 , corresponding to 
the actual survey area of the SDSS LRG sample that detected the baryon acoustic p eak and to the proposed 
South Pole Telescope SZ survey, which targets these cluster mass limits. Right: The thermal SZ spectrum j. as 

a function of dimensionless frequency x = hv/kTcmb (Tcmb = 2.725 K). The zero crossing is at 2 1 7  GHz. 

which to measure the matter density and dark energy abundance and equation-of-state 
( like SNia distance measurements). 

2 Cluster Surveys 

Tapping the cosmological potential of galaxy clusters requires large, homogeneous cluster cat­
alogs extending to redshifts greater than unity. The strongest constraints on dark energy, for 
example, will come from observed cluster evolution in the transition between matter and dark 
energy domination around z = 1 and beyond. Note that today there are only of order 10 clus­
ters with spectroscopically confirmed redshifts z > 1 5. The need for deeper and larger catalogs 
motivates a number of substantial observational efforts in different wavebands. 

We may search for clusters in a variety of ways: 

1. As overdensities in the galaxy population. This may either be done in redshift space, or in 
color space using multiband imaging which can provide estimated photometric redshifts 
over large areas of sky; 

2. By their gravitational lensing of background galaxy images. With a large imaging survey, 
we could search for clusters both via their lensing signal and in color space (as above) ; 

3. By the X-ray emission from their intracluster medium (ICM), which at keV temperatures 
emits copiously in X-rays. Cluster surveys and observations in the X-ray band with 
satellites like ROSAT, Chandra and XMM have significantly advanced our understanding 
of clusters and their evolution, and have played an important role in establishing the 
standard cosmological model 6 •  

4. By the Sunyaev-Zel'dovich (SZ) effect, a distortion of the CMB frequency spectrum caused 
by a transfer of energy from the hot ICM electrons to CMB photons via Compton scat­
tering. 
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Each of these techniques has its own advantages and disadvantages. To appreciate them 
we should situate clusters in the standard theoretical framework that describes them as single, 
massive dark matter halos containing hot gas and galaxies with their subhalos. Dominated by 
dark matter and its gravitational evolution, clusters are fundamentally described by their halo 
mass and redshift . When building a cluster catalog, therefore, one should quantify its properties 
in terms of these basic parameters in order for proper comparison to theory. Specifically, we must 
accurately calculate the survey selection function and determine the observable-mass relation. 
Doing the latter is often referred to as calibrating the observable-mass relation, or for short, 
survey calibration. 

Large area redshift surveys are prohibitively expensive. Less expensive, imaging surveys 
rely on a consistent relation between the parent cluster halo and its member galaxy population; 
in particular, the relation between cluster mass and redshift, and galaxy colors and luminosity. 
Therein lies a potentially large uncertainty due to our limited understanding of galaxy formation 
and evolution (which these cluster surveys are designed to help us improve ! ) .  

Lensing-based cluster surveys are appealing because they select clusters on their projected 
mass density. They will, however ,  suffer from the projection of mass along the line-of-sight, 
and their detection efficiency depends on the redshift distribution of the lensed galaxies. The 
latter is relatively easily controlled with photometric redshift information, while the impact of 
projection effects on survey selection functions and mass recovery requires further study 7 . 

The properties of the hot ICM are closely l inked to those of the cluster gravitational potential, 
implying that X-ray surveys select clusters based on their dark matter halos, similarly to lensing 
surveys. In addition, X-ray surveys do not suffer from projection effects, because cluster X-ray 
emission varies as the square of the gas density. For this same reason, however, the cluster 
X-ray emission is dominated by the core regions and hence physics that is difficult to model. 
Furthermore, X-ray surveys require large, expensive satellite missions. Not designed as survey 
instruments, Chandra and XMM-Newton will provide only relatively limited area surveys 8 .  

Our focus here is on the fourth method based on the SZ effect, which possesses a number 
of advantageous properties for cluster surveying, as I detail below. As for X-ray observations, 
the SZ effect selects clusters based on their ICM properties and potential well; and like lensing 
surveys, SZ surveys tend to suffer from projection effects, since the SZ signal is proportional to 
the projected gas mass density. A number of planned SZ surveys have heightened anticipation as 
they prepare to observe large areas of sky over the next few years. These include ground-based 
instruments starting operations this year, as well as the Planck satellite scheduled for launch in 
2008 and which will cover the entire sky. 

3 The Sunyaev-Zel'dovich Effect 

The SZ signal arises from the energy transfer via Compton scattering from hot electrons in the 
ICM to CMB photons traversing the cluster9. Conserving photon number, the scattering diffuses 
photons from low to high energies and creates a unique frequency-dependent spectral distortion 
that is negative at low frequencies and positive at high frequencies. We quantify the distortion 
by the change in observed sky brightness towards the cluster relative to the unperturbed CMB 
seen from surrounding blank sky: 

6.iv = YJv ( 1 )  

where the Compton-y parameter specifies the amplitude of the distortion as an integral o f  the 
ICM pressure along the line-of-sight: 

J kT J kT 
y = dT --2 = dl --2 neD"T me me 

(2) 
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with T being the electron (ICM) temperature, m the electron mass, ne the electron number 
density and O"T the Thomson scattering cross section (we're in the non-relativistic limit of 
Compton scattering) . The function iv gives the frequency dependence of the spectral distortion 
and is universal to all clusters at all redshifts (See Figure 1 ) .  It is negative below 2 17  GHz, 
where the effect is a brightness decrement relative to the mean sky brightness (the CMB), and 
positive above, where the effect produces an excess brightness. 

We refer to the total SZ flux as 
Sv = Yjv 

where the integrated Compton parameter is 

4 SZ Cluster Surveys 

J MgasT 
Y =  dO y rx. Ding (z) 

(3) 

(4) 

The SZ signal has a number of virtues when considered as a means of cluster surveying. Firstly, 
the surface brightness !;,.iv is independent of distance and depends only on intrinsic cluster 
properties; this is also manifest by the fact that Y varies with the angular diameter distance, as 
opposed to the luminosity distance. Secondly, the spectral signature is unique, unlike any other 
astrophysical source, and it is universal to all clusters. 

Thirdly, the total SZ flux Sv is directly proportional to the total thermal energy of the ICM, 
a quantity fixed by energetics during cluster formation and independent of the final spatial 
and temperature structure of the gas. For this reason, we expect the SZ signal to tightly 
correlate to cluster virial mass, as indeed borne out in numerical simulations; for example, Motl 
et al. 10 simulated examined different simulations, including a variety of cooling and feedback 
mechanisms, and find only a � 5% scatter in Y at a given mass. 

These characteristics of the SZ signal lead to one to expect that a SZ survey will select 
clusters based on their mass, and that the limiting mass will be nearly constant with redshift. 
This is a valuable property for studying any evolutionary trends, for we can compare similar 
mass objects at different epochs. 

5 SZ Catalog Construction 

In anticipation of the upcoming surveys, we have undertaken an extensive simulation effort to 
study survey selection functions and observational uncertainties, and I will report here two key 
results from this work to date. Details can be found in Melin et al. 1 1  and Bartlett & Melin 12 . 

We have developed a cluster detection algorithm based on a filter matched to both the 
spectral Uv) and spatial ( isothermal ,8-model) signature of the cluster SZ signal 13 . The filter 
is designed to rapidly and optimally extract clusters of all sizes from the astrophysical fore­
grounds. Rapidity is essential because we want to simulate a given survey many times in order 
to accurately quantify selection effects and observational uncertainties. 

Applying the detection routine to Monte Carlo simulations of the AMI, ACT, Planck and 
SPT surveys, we calculated the survey sensitivities, counts and completeness values shown in 
Figure 2. In this Figure, cry is the total noise through the matched filter generated by both 
instrumental noise and primary CMB anisotropy (for the standard WMAP cosmology), and Oc 
refers to the core radius of our simulated SZ profiles truncated at 10 core radii. The curves 
correspond to the different surveys as labeled. A cluster observed by SPT, for example, with 
angular core radius Oc and Y = cry (Oc) ,  i .e . ,  on the solid, red line, would have a S/N = 1 .  

We see from this Figure that the surveys are not simply limited i n  flux; cluster selection 
depends on both flux and angular size. This is particularly true for the high resolution ground­
based surveys, while the lower resolution of Planck yields a nearly flux-limited catalog. In this 
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Name Frequencies Res. fwhm Start Inst. noise Surf. dens. (5a) Survey Area 
[GHz] [arcmin] date [µK/beam] [deg-2] [deg2] 

Interferometers 
AMI 15 1-2 2006 8 16  10 

AMiBA 95 � 2  2006 
SZA 30 (+90) � 1  2006 

Bolometers 
ACT 145 1 .7 2006 1 . 7  40 200 

225 1 . 1  4 .8 
265 0.93 7.8 

APEX 150 0.8 2006 
217  0 .8  

SPT 150 1 2007 10  1 1  
220 0 .7 60 4000 
275 0 .6  100 

Planck 143 7 . 1  2008 6 0.35 
217  5 13  40000 
353 5 40 

Table 1: Characteristics of some of the large SZ surveying instruments. We give the instrumental noise, counts 
detected at S / N > 5 with our matched filter and survey area for the 4 experiments that we have simulated in 
detail, namely AMI, ACT, SPT & Planck (see text). A list of web pages for these and other experiments is given 
in the reference section. Adapted from Melin et al. (2006) 1 1 . Note added: The new WMAP3 results were 
published at the time of writing. The lower value of a8 favored by the new release can lower the predicted cluster 

counts by up to a factor � 2. We are evaluating the changes for each experiment in detail. 
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Figure 2: The left-hand panel plots the matched filter noise av as a function of filter scale Be (core radius of a cluster 
matched to the filter) for different surveys, as labeled. The filter noise is generated by primary CMB anisotropy 
and instrumental noise. Clusters lying above the curve of a particular experiment have Sf N > 1 .  Integrated 
source counts at S/N > 5 for each survey are shown in the right-hand panel, along with the simulation input 
counts (curve labeled "mass function" ) .  \Ve give the catalog completeness percentage (ratio of the experimental 
cune to the input mass function counts) in the inset. The important point is that the surveys are not flux limited, 
and are significantly incomplete even at 5 times their point source sensitivities (5 times the y-intercept of the 
left-hand curves). Adapted from Melin et al. (2006). Note added: The new WMAP3 results were published at 
the time of writing. The lower value of a8 favored by the new release can lower the predicted cluster counts by 

up to a factor � 2 .  We are evaluating the changes for each experiment in detail. 
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Figure 3: Photometric recovery in terms of integrated Compton Y parameter for SPT (left) and AMI (right). 
Compton Y values (in arcmin2) recovered by the matched filter are plotted against the input Y values taken from 
the simulation catalog. Each point represents a single cluster detected at S/N > 5. The red dashed curve gives the 
equality line. For SPT the characteristic scatter at fixed Ytrne is � 403. Confusion with primary CMB anisotropy 
seriously compromises photometric recovery of the single frequency survey (chosen here as AMI).  Adapted from 

Melin et al. ( 2006). 

Figure we only show the effects of instrumental noise and CMB anisotropies. In Bartlett & 
Melin 12 we examine the additional effects caused by extragalactic point sources. 

In the right-hand panel I show the integrated counts of clusters detected at S / N > 5. These 
are objects to be found in the left-hand panel above the corresponding curves, each displaced 
upward by a factor of 5. The counts roll away from the input counts ( labeled mass function) at 
the faint end as the catalogs become incomplete. In the inset, we see the completeness defined 
as the ratio of detected to input clusters (ratio of one of the experimental curves to the mass 
function curve) . It is important to note that all of the surveys are significantly incomplete even 
at 5 times their point-source sensitivities , which are given by 5 times the y-intercept of the 
curves shown in the left-hand panel. This just illustrates again that the surveys are not simply 
flux limited. 

I now turn to another important, but often neglected issue - photometric recovery. In 
Figure 3 I plot recovered Y versus input Y for clusters detected at S/N > 5 in SPT ( left­
hand panel) and AMI (right-hand panel) ;  the Planck case is similar to SPT. We see that when 
applied to SPT our algorithm gives an unbiased estimate of the true SZ flux, but with � 40% 
scatter (at fixed Yirue ) ,  which is much larger than the intrinsic scatter predicted by numerical 
simulations 10 . The photometry of the single frequency AMI survey, on the other hand, is very 
seriously compromised; the distribution at fixed Yirue is in fact bimodal. We have traced this 
effect to confusion with primary CMB anisotropy that is unavoidable with single frequency 
observations. The conclusion is that such single frequency surveys must follow-up their clusters 
at a second frequency in order to eliminate the confusion. 

6 Conclusions 

Future galaxy cluster surveys will provide a wealth of information on dark energy, dark matter 
and structure and galaxy formation. Among these surveys, those based on the SZ signal will 
profit from its intrinsic ability to find clusters at high redshift and its expected tight correlation 
to halo mass. Over the next 5 years, these surveys will provide large, well-defined (in terms 
of mass) catalogs containing hundreds to thousands of clusters at redshifts beyond unity or, in 
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other words, multiplying by 10-1 00 the number of known clusters at these redshifts>. This will 
give us a new view of galaxy formation in dense environments and a measure of the expansion 
rate at this crucial epoch marking the transition between matter and dark energy domination. 

Many of the surveys will begin this year (2006) ,  and a number of important surveying 
issues require further study. These include accurate evaluation of survey selection functions 
and observational errors. I have shown two results from our studies based on a matched filter 
detection algorithm and simulations of different surveys. We find that high resolution ground­
based surveys select clusters not simply on flux, but on a combination of flux and angular size, 
and that this must be properly accounted for when modeling cluster counts. We also find that 
observational scatter on measured cluster flux Y (e.g. , � 40% in the case of SPT) largely exceeds 
the intrinsic scatter predicted by numerical simulations 10 . Furthermore, confusion with primary 
CMB anisotropy severely compromises photometry in single frequency observations; follow-up 
at a second frequency (or in X-rays) will therefore be necessary for these surveys. 
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NASA space missions have compiled an impressive record of answering fundamental questions 
in cosmology. NASA's ambitious roadmap for future missions includes a strong component of 
cosmological research into the properties of the Big Bang, the creation of the elements, the 
event horizons of giant black holes, understanding early inflation through the polarization of 
the cosmic background radiation, and an observatory for gravitational waves. The roadmap 
has a sound basis in our present day understanding of the universe with a good plan to develop 
new technology needed to address the outstanding questions. There is great uncertainty about 
the amount of time it will take to execute this plan given competing priori ties within NASA 
particularly for the human spaceflight program and the modest projected budget growth to 
support these competing priorities. 

1 Organization of NASA's Space Science Goals (science.hq.nasa.gov) 

NASA's space science missions are the responsibility of its Science Missions Directorate of which 
the Astrophysics Division handles cosmology. The Directorate organizes its research by positing 
four fundamental questions about the universe and designing missions to address one or more 
of these questions in its Level 1 science goals. These questions are subdivided into two lines: 

• Beyond Einstein 

l. How clicl the Universe begin? 

2. Does time have a beginning and an encl? 

3. Where did we come from? 
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• Pathways to Life 

1. Are we alone? 

These questions are sufficiently broad to allow almost any research relevant to cosmology under 
at least one of them. They have the virtue of appealing to a wide, non-specialist public as a 
reason for supporting space science. .11.Iany of NASA's missions address more than one of these 
questions. 

This organization is a shift from the previous generation's "Great Observatories" program. 
The Great Observatories gave us the Hubble Space Telf'�'lcope (ultraviolet to near infrared) . the 
Compton Observatory (1'-rays) ,  the Chandra X-ray Observatory (soft x-rays) , and the Spit7.er 
Observatory (near to far infrared) that have proven to be a great boon to cosmological research. 
The Great Observatories recognized that astronomy is an empirical science often depending 
on serendipity for its most important insights and therefore provided us with general tools to 
expand our ability to view the cosmos at different wavelengths. 

The focus on key questions still allows room for observatories, as we shall see, but recognizes 
that a great deal of the exploration phase of astronomy has already taken place and emphasizes 
facilities that address specific questions arising from this early exploration. There is likely to be 
an ongoing debate about the relative emphasis on exploration vs. targeted missions that will 
play out as adjustments to the priorities of the current roadmap.1 

2 Currently planned missions 

Figure 1 shows a timeline of planned missions for the Beyond Einstein and Pathways to Life 
programs as of IVlarch 2005. The acronyms for the major missions are: La.'ier Interferometer 
Space Antenna (3-elemeut gravitational wave observatory) ,  Constellation-X ( 4 element x-ray 
observatory emphasi7.ing spectroscopy),  Joint Dark Energy Mission (optical/infrared study of 
supernovae or other objects to determine the expansion history of the universe) , .James Webb 
Space Telescope (near to far-infrared space telescope), Herschel (far-infrared/sub-millimeter ob­
servatory) ,  and Stratospheric Observatory For Infrared Astronomy (3-m teleBcope in a Boeing 
747 to supersede the Kuiper Airborne Observatory.) These missions are broadly defined and in 
some cases close to completion (SOFIA). The missions, IP, BHFP, Big Bang Observer, Black 
Hole Imager, and Pathways to Life Observatory, are placeholders for undefined missions aimed 
at future ways to further address the four main questions posed in the previous section. 

The missions under development of immediate interest to the cosmology community are 
Hubble (Servicing �Iission 4) ,  JWST, WISE, Con-X, LISA, GLAST, and JDEM. It is likely 
that there will be competed missions in r.he Explorer line addressi-ng cosmology. similar to the 
way COBE and WtvlAP have profoundly influenced our understanding of the current concor­
dance model of the Big Bang. These competed missions remain undefined. Although Hubble is 
currently operating. planned upgrades to the instrumentation during servicinp; mean that NASA 
still tre:i,ts Hubhle :i s a development project. and the new instruments will :iddress cosmological 
issues. 

The following sections briefly describe some of the science goals of these missions and their 
potential importance for cosmology. Almost all the important references to these missions are 
available on the internet. and are kept. current with frequent updates. In lieu of the usual 
references to the literature, this article will provide website addresses that give more in-depth 
information about the evolving status of the different missions. 
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Universe Exploration Roadmap: March 2005 

Objectives 1. 2. & 3: 
How did !he Universe begin? 
Does t1me have a beglnmng 
and an end? 
Where did we come from? 

Objective 4: 
Are we alone? 

Pltase 3 

Figure 1: NASA's planned suite of missions and their launch dates from p. 28 of the NASA Roadmap.1 The 
triangles indicate planned launch dates as of March 2005 for the missions such as LISA, Con-X, and JWST. Most 

of these dates will be delayed if NASA's budget for fiscal year 2007 is approved as requested (cf Section 3 . )  

2. 1 Hubble Space Telescope (hubblesite.org) 

Hubble's next servicing mission includes the installation of two new instruments, Wi<le Field 
Camera 3 (WFC3) and the Cosmic Origins Spectrograph (COS.) In addition, NASA is working 
to repair the Space Telescope Imaging Spectrograph (STIS) that lost both power modules two 
years ago, and there is some hope that it can restore STIS to it full capabilities. 

Hubble has already had a strong impact on cosmology through the measurement of Ho, the 
first images of galaxies at lookback times of approximately 13 billion years, and measurement of 
the time history of the expansion rate between 4 and 6 Gyr after the Big Bang to constrain the 
dark energy. Two of these themes · ·formation of early galaxies and the early expansion history 
of the universe-will be enhanced by the addition of WFC3. 

Hubble's observations of young galaxies rely on detecting the neutral-hydrogen absorption 
edge from the intergalactic medium (Lyman-Break technique) in deep multicolor images. The 
most dist.ant samples stuclied to elate emit racliation only at wavelengths longer than about 
800 nm and arc typically seen only in a single filter, F850LP, making it impossible to use color 
information to study their properties. These "i-dropout" galaxies are at redshifts greater than 
5. 7 corresponding to an epoch less than one billion years after the I3ig Bang. WFC3 will have 
sufficient sensitivity and survey speed at wavelengths between 1 and 1 .7  µm to discern the colors 
of these distant galaxies and to search for objects at redshifts as large as 10. Hubble will be 
unique for this research until JWST is operating, making it an essential tool to understand the 
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formation of the first stars and gal<L'Cies. 
WFC3 also has the capability of finding and measuring SN la out to redshifts of order 2. 

Using the supernovae as standard canclles will allow Hubble t.o measure the historical Hubble 
fl.ow from 3 Gyr after the I3ig Bang until the present with far more precision than possible today. 
Hubble will also be unique for this research and will provide us with the only constraints on 
variations of the equation of state of dark energy in this early epoch until superseded by .JDEM. 

COS is designed to study the baryonic component of the intergalactic medium from absorp­
tion lines in distant quasars at ultraviolet wavelengths. COS will improve Hubble's sensitivity 
for these spectra by more than an order of magnitude compared to the present, allowing it to 
map the distribution of local intergalactic baryons --and by inference the distribution of cosmic 
dark matter on much finer angular scales than presently possible. Hubble's ability to observe 
at ultraviolet wavelengths coupled with its large aperture make it unique for these studies for 
the foreseeable future. There are no plans for future ultraviolet telescopes in NASA's current 
roadmap. 

2.2 James Webb Space Telescope (www.jwst.nasa.gov) 

.JWST is designed to study the format.ion of the first stars and galaxies following the period of 
darkness (the "dark ages" ) after the Big Bang. It is a 6.5 m aperture infrared telescope to be 
operated at the second Lagrangian point of the Earth-Sun system. Passively cooled to 40° K and 
optimized between 3 and 28 µm (with some sensitivity into the visible band) ,  it will be sensitive 
enough to detect normal galaxies at redshifts as large as 20, corresponding to 200 Myr after the 
Big Bang. 

The primary cosmological questions addressed by .JWST a.re: 

• What arc the first galaxies? 

• When did re-ionization of the universe occur? 

• What sources caused re-ionization? 

• Where and when did the Hubble Sequence form? 

• How did the heavy clements form? 

• Can we test hierarchical formation and global scaling relations? 

• What roles to Ultra-Luminous Infra.red Galaxies ( ULIRG) and Active Ga.lactic Nuclei 
(AGN) play? 

The observational plan calls for a deep near-infra.red survey to a sensitivity of 1.4 n.Jy to 
discover the distant populations and follow-up spectroscopic and mid-infra.red observations to 
a..o;Hes8 their propertieH. It will be possible to detect Balmer lines in the spectra of distant 
galaxies to a level of 2 x 10-19 crgcm-2 s - 1 •  It should be possible to distinguish the epoch of 
re-ionization by detecting patchy Lyman-forest absorption and a Gunn-Peterson trough in very 
distant objects, delineating the redshifts at which the universe was in different ioni;mtion states. 

Wide-area imaging surveys will harvest thousands of galaxy spectra. (>./ti.>. � 1000) in 
the redshift range 1 < z < 6, providing a comparison of galaxy properties in time ancl over 
large angular scales as hierarchical clustering developed the structure we see today. Targeted 
observationH of ULIR.Gs and AGN will be used to understand the relative contribution of these 
bright but rare objects to global structure development, ionization, and the energy budget of 
the early universe . 

.JvVST, like Hubble, will be an observatory. vVe can anticipate many of the most important 
discoveries to be serendipitous. lt will be such a powerful observatory that it is likely to have 
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a much larger impact on our understanding of the early universe and cosmology than what is 
outlined in this baseline science plan. 

2. 3 Widefl,eld Infrared Survey Explorer (www .astro.ucla.edu/ wright/WISE) 

\VISE is a 40 cm telescope that will survey the entire sky at four wavelengths: 3.3, 4. 7, 12. 
and 24 µm. In many respects, it will be a shorter wavelength version of the IRAS survey. It is 
planned as a 7 month mission launched in 2009 in a 500 km Sun-synchronous orbit. 

From the standpoint of cosmology, the ma.in goal of \VISE is to detect the most luminous 
galaxies in the sky. It will be able to see an L. galaxy at a redshift of 1 and a ULIRG at a 
redshift of 3. We anticipate the most luminous galaxies will be too rare to be seen in smaller 
field surveys such as those carried out with Hubble and JWST, and they will be too faint to be 
seen with ground-based telescopes at infrared wavelengths. 

2.4 Constellation-X ( constellation.gsfc.nasa.gov) 

The successor to Chandra, Con-X, is an array of four telescopes at Earth-Sun L2 orbit (like 
JWST) designed for high resolution spectroscopy of x-rays with up to 100 times the throughput 
(sensitivity) of current missions and the ability to take spectra of sources discovered in deep 
imaging surveys by Chandra, for example. Its targets include the strong gravitational effects 
of black holes, their effect on galaxy formation, study of clusters of galaxies through x-ray 
emission from hot gas, and studies of the cosmic feedback of galactic winds, stellar coronas, and 
supernovae on the intergalactic medium. 

Con-X will study giant black holes in ways that may impact our understanding of gravitation 
and thus cosmological expansion. Like JWST, it will be an observatory, albeit one concentrating 
on spectra rather than imaging-it will not be survey the sky. Assessing the impact of black 
holes on the formation of galaxy structure and their contribution to the total energy budget will 
be a major contribution of Con-X to our understanding of the early universe. 

Clusters of galaxies are useful tracers of the location of dark matter. They also provide 
independent probes of the evolution of dark energy through the Sunyaev-Zeldovich effect. S-Z 
studies using Con-X observations of distant clusters is an independent way to constrain the 
strength of dark energy at different epochs and therefore provides an important check on any 
conclusions reached using SN Ia. 

The S-Z effect can be used to measure absolute distances to clusters. Combined with red­
shifts for the clusters, it is a potentially powerful method to assess cosmological parameters. 
Furthermore, the mass fraction of cluster gas might be useil as a standard candle similar to the 
way supernovae are used to get a separate handle on the distance to the clusters to measure 
these parameters. The evolution of cluster parameters and the cluster mass function can then 
be studied as functions of redshift. 

These cluster measurements constrain the cosmological parameters, !IA and !Im, differently 
from either the cosmic: microwave background or the supernovae. In the DA• 0,171 plane, the 
cluster constraints arc an important addition to the CJ:v113 and SN Ia, making Con-X an integral 
part of our determination of cosmological constants. 

Con-X will be sensitive to very hot gas in the intergalactic medium and to the missing 
baryonic matter in the cosmic web. Although Hubble's COS instrument will also look for this 
missing matt.er, it is not known what the typical temperatures might be. If it resides primarily in 
very hot gas, Con-X will be the most important means for detecting it and asse�'lsing its impact. 
on the intergalactic medium. 
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2. 5 LISA (lisa.nasa.gov) 

LISA is designed to detect gravitational waves in the low-frequency range 10-4-10-1 Hz. It 
consists of three identical satellites arranged in a precessing triangle about � 1 AU in size in a 
1 AU Sun-centered orbit trailing the Earth. Small displacements of inertial masses within the 
satellites by gravitational waves are sensed by laser interferometers operating between all pai> 
combinations of the array. 

The kind of objects expected to be seen in this range are Galactic binaries and the coalescence 
of massive black holes at cosmological distances. The latter arc of most interest for cosmology. 

If a coalescence event can be observed for a period of several months, LISA will precess 
far enough to allow a determination of the position of the source. Because of the way that 
gravitational waves propagate across space time, it is possible in principle to derive the absolute 
distance to the source from the observations themselves. Combining this knowledge separately 
with the redshift to the source gives an independent measure of the cosmological parameters. 

It is not clear if LISA will be important for cosmology, but it does provide a precursor to 
the I3ig Bang Observer (sec Fig. 1 ) ,  a conceptual mission with enough sensitivity to measure 
gravitational waves from the early epochs of the Big Bang. It is also uncertain if NASA can 
develop the technology for such a mission within its current budget. 

2.6 GLAST (glast.gsfc.nasa.gov) 

The Gamma-ray Large Array Survey Telescope is designed as a 5 year mission with about 15  
times more sensitivity than EGRET over tern; times greater energy range, from 20 to  300 GeV. 
GLAST is scheduled for launch in 2007. It will investigate a number of high-energy phenomena, 
including black holes and AGN, supernova remnants, gamma-ray bursts, and the origin of cosmic 
rays. 

For cosmology, GLAST has three high level goals. It will search for supersyrnmetric dark 
matter annihilations that if found will help point the way toward a grand unified theory of 
physics. It will look for violations of Lorentz invariance, and it will search for exotic relics of 
the I3ig Bang, if any. By targeting extremely high energy radiation, GLAST can study particles 
at energies above those reached by ground-based particle accelerators. Candidates for weakly 
interacting cold dark matter include a broad range of supersymmetric particles that have spectral 
signatures of line emission in the lO's to lOO's of GcV range. GLAST can also search for photons 
from primordial black holes. 

2. 7 JDEM (snap.lbl.gov & destiny.asu.edu) 

The Joint Dark Energy r..Hssion is specifically designed to measure the effects of dark energy on 
cosmological expansion. There are currently two mission concepts, the Supernova Acceleration 
Probe (SNAP) led by Lawrence Berkeley Laboratory and De.<>tiny from Arizona State University. 
Both missions use supernovae as standard candles and have as their goal the measurement of 
thousands of supernovae to provide distances (from the observed brightne.<;s) and redshifts to 
objects in the cosmic flow between redshifts of order 0.5 to 1 .7. Both missions also plan to 
map the distribution of dark matter by mea."uring the weak gravitatiorniJ lensing of background 
galaxies in response to its mass. 

SNAP is a 2 m diameter wide field (0.34 degree FOV) optical/near-infrared telescope that will 
scan the sky to discover supernovae and follow up with an on-board spectrometer. Measurements 
from :;pace allow high-quality photometry of :;upernovae at redshifts beyond 1 .5 .  With a wide 
field, it should be possible to discover several supernovae in a few hours of scanning the sky. 

Destiny provides the same information using a different approach. It employs a 1.8 m near­
infrarecl telescope with an objective prism (a grism) to search for supernovae for which it gives 
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simultaneous photometry- by compressing the spectra and spectra to measure redshifts from 
the dispersed light. Like SNAP, it exploits the extraordinarily low background light of spare to 
achieve high sem;itivity even in dispersed light through the grism. a technique routinely used on 
the Hubble Space Telescope. 

The discovery that supernovae can be used as standard candles to measure the acceleration 
of the universe2 3 has stimulated the drive to make thousands of such measurements to reduce the 
unr:ertainties in the cosmological parameters. If there are no systematic uncertainties discovered 
in the analysis of these very large samples. JDEI\I could provide an accurate enough measure 
of the acceleration to test whet.her it is consistent with a cosmological constant within a few 
percent. 

3 Changes to NASA's Roadmap in 2006 

In January 2004, President George 'vV . Bimh announced a new vision for NASA's space ex­
ploration program. This vision stressed a renewed ernpha.-;is on human spaceHight by sending 
humans back to the moon and eventually to Mars. To achieve this vision, NASA will have 
to develop a new human-rated spacecraft known generically as the Crew Exploration Vehicle 
(CEV.) It will also need to retire the Space Shuttle but not before completing construction of a 
scaled back International Space Station. 

The cost of repairing the shuttle for its return to routine operations has proven to be more 
expensive than NASA first anticipated. This cost ha.� must be born by the rest of NASA's 
budget. There is also a political imperative to minimize any gap between the encl of shuttle 
operations-currently planned for 2010-and the first launch of the CEV, originally planned for 
2014, at least partly because of China's vigorous pursuit of its own human spaceHight program. 
An ac<:eleratecl CEV development puts further pressure on NASA's budget that further limits 
NASA's ability to fund new scien<:e spa<:e<:raft . 

As a result, the President's budget for fiscal year 2007 is insufficient to maintain the space 
science budget at levels planned in 2005. The roadmap is changing, although the final results 
will not be known until the US Congress votes a formal budget lat.er this year and NASA submit.A 
a new program plan. 

Most of the major missions are still in the plan, but most have been delayed compared to their 
original time lines. Some of the more unfortunate changes include the cancellation of SOFIA, 
cancellation of NuSTAR, and delays in funding for LISA, Con-X, and JDEM. On the positive 
side, the budget provides funds for a Hubble servicing mission in early 2008 that would extend 
its life until 2013 or beyond, full funds for a 2013 launch for .JWST and funding to keep WISE 
on schedule. There have been protests about the cancellation of SOFIA and NuSTAR .. NASA's 
Space Science Directorate promised to reconsider these clecisions,4 but without new money or a 
willingness to Hlow down the development of the CEV the restoration of the cancelled missions 
will probably come at the expense of the other space science programs. 

There is currently a general pessimism about the state of NASA's budget in the science 
community owing to projections of an overall decrease in real (inflaction-acljustcd) funding for 
scifmce in the five-year project.ion. i\Iajor miHsions have been cancelled or delayed. ]';'ASA lrns 
slowed the development of technologies needed to build the next generation of missions in its 
science roadmap. 

There arc, however, reasons to be optimistic about NASA's science program over the long 
run. NASA's annual budget for space science is approximately $4 billion. It represents a 
substantial fraction of support for astrophysics in the United States, and it provides a tremendous 
benefit. to sdenrn despite cyclical fluctuations in the absolute level. The opportunities for space 
science research have never been rid1er. Technology uow allows us to measure the properties 
of the first stars and galaxies born after the Big Bang, test the concept of a. cosmological 
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constant with some precision. study the event horizons of black holes, search for emiHsion lines 
from supcrsymmctric particles making up dark matter, and detect gravitational waves resulting 
from the coaleHcence of giant black holes in the early universe. Astrophysics is experiencing a 
renaissance unlike any in recorded history, and we can expect that after a lean period during 
which NASA shepherds the human spaceflight program through its needed transit.ion, space 
science will emerge once again as NASA's most productive program. one that will guarantee 
public support far into the future. 
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The OSER project (Optical Scintillation by Extraterrestrial Refractors) is proposed to search 
for scintillation of extragalactic sources through the galactic - disk or halo - transparent H2 
clouds, the last unknown baryonic structures. This project should allow one to detect column 
density stochastic variations in cool Galactic molecular clouds of order of � 3 x 10-5 g/cm2 
per � 10 000 km transverse distance. 

1 The transparent baryonic matter and its possible signature 

Considering the results of baryonic compact massive objects searches 1 , cool molecular hydrogen 
(H2) clouds should now be seriously considered as a possible major component of the Galactic 
baryonic hidden matter. It has been suggested that a hierarchical structure of cold H2 could 
fill the Galactic thick disk 9 or halo 2 , providing a solution for the Galactic hidden matter 
problem. This gas should form transparent "clumpuscules" of 10 AU size, with a column density 
of 1024-25 cm-2, and a surface filling factor smaller than 1 %. Refraction through such an 
inhomogeneous transparent H2 cloud (hereafter called screen) distorts the wave-front of incident 
electromagnetic waves (Fig. 1, see 7 for details ) .  The phase delay induced by a screen at distance 
zo can be described by a function <f>(x1 , Y1 ) in the plane transverse to the observer-source line. 
The amplitude in the observer's plane after propagation is described by the Huygens-Fresnel 
diffraction theory. For a point-like source, the intensity in the observer's plane is affected by 
interferences which, in the case of stochastic inhomogeneities, takes on the speckle aspect. In the 
case of an accidental local inhomogeneity, the interfringe is characterized by the Fresnel radius 
RF = J A.zo /27r, of order of 1000 km to 7000 km at >.. = 1000 nm, for a screen distance zo between 
160 pc (distance of the Bok globule B68) to 10 kpc (typical distance of a halo-clumpuscule) .  The 
fluctuations of <f>(x1 , y1 ) needed to produce strong interferences turn out to be the same order 
of magnitude as the average gradient that characterizes the hypothetic galactic H2 structures. 
This numerical coincidence encourages us to develop a specific interference search program. As 
for radio-astronomy 8 ,  the stochastic variations of <f>(x1 , yi ) are characterized by the diffusion 
radius Rdiff• defined as the transverse separation for which the root mean square of the phase 
difference is 1 radian. Two different scintillation modes are expected when the screen crosses 
the line of sight of a point-like source: 

- A short time scale mode (minutes) called diffractive mode is induced by the streaming 
of interference patterns at the min(Rdif f, Rp) spatial scale. Due to severe spatial coherence 
limitations, the modulation of light in this mode will be measurable only on the smallest stars. 
In contrast, temporal coherence with the standard UBVRIJH filters is sufficiently high to enable 
the formation of contrasted interferences in the configurations considered here. 
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Screen Distance 
RF to x by v>./(lOOO nm) 

Transverse speed \iy (typical) 

t t b �J >. diff O X Y Rr lOOOnm 
SOURCE 

Location Type rs M1 
spiral B5V 3 .9r0 13.5 
arm A5V l .7r0 16.3 
Skpc KOY 0.85r0 19.4 
Ll'v!C BSV 3.r0 18.3 
55kpc A5V l .7r0 20.4 

160pc-dark cloud lkpc-thick disc lOkpc-halo 
890 km 2200 km 7000 km 
30 km/s 40 km/s 200 km/s 

30 s 56 s 35 s 
DIFFRACTIVE MODULATION INDEX mdiff 

(to multiply by J>./ 1000 nm x Rd;JJ/RF) 
23 
43 1 3 
73 33 

( 143) 63 1 .53 
(253) 103 33 

Table l :  Configurations leading to strong diffractive scintillation assuming Rdiff :<; RF . Here >. = 1000 nm. 

- A long time scale mode (hours or more) called refractive mode is induced by the local 
focusing/defocusing configurations in the long scale structure of the screen. The modulation of 
light in this mode is essentially insensitive to the size of the source-star. 

2 Detectable features 

Figure 1: The two scintillation 
modes: In the case of a point-like 
source, if Rd;J f < RF , the dis­
torted wavefront produces scintilla­
tions at scales � Rd;J J/Vr ( diffrac­
tive mode) and Rref /Vr (refractive 

mode}. 

A pattern with interferences of inter-fringe of � min(Rp, Rdif f) sweeps across the Earth when 
the line of sight of a sufficiently small astrophysical source crosses an inhomogeneous transparent 
Galactic structure (Table 1) .  This pattern moves at the relative transverse velocity Vr of 
the screen, assuming that the scintillation is mainly due to screen motion rather than pattern 
instability (frozen screen hypothesis) , as it is usually the case in radioastronomy observations 6 .  
For the Galactic H2 clouds we are interested in, we expect intensity variations at time scale 
tdif f < Rp /Vr � 1 minute, with a modulation index mdif f that can reach � 203 at >. = 500nm, 

critically depending on the source apparent size for the diffractive mode. As RF scales with .,/).. 
and Rdiff also depends on >., this induces a significant difference in the time scale tdiff between 
the red side of the optical spectrum and the blue side. This property might be used to sign the 
diffraction scintillation mode. A long time scale intensity modulation with characteristic time 
tref = Rref /Vr is superimposed on this diffractive mode. The contrast for this refractive mode 
is also a few percent, insensitive to the bandwidth and much less affected by the source-size. 

3 Feasibility studies: simulation 

We have simulated the phase delay function '1> (x 1 ,  y1 ) of a fractal cloud, described by the Kol­
mogorov turbulence law (Fig. 2 up-left) . Then we calculated the diffracted amplitude from 
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a point source on Earth (Fig. 2 up-right) .  The illumination on Earth due to an extended in­
coherent source of radius rs is obtained by integrating the intensities due to each elementary 
source. This is equivalent to integrate the intensity image of a point source within the projected 

ltght�curve of ASV star at 8kpc 
2.66 2 �l A ("I 1 ;! 1.__ �-�-------' ' 

0 1000 1 500 2000 : 
tlme(a) 

Figure 2: Phase delay 1>(x1 , y1 ) induced by a turbulent cloud {up-left); fllumination map on Earth from a point 
source (up-right}- the cloud is assumed to be at 160 pc. Illumination variations from an A5V star at Bkpc {down). 

source stellar-disk of radius rs x z0/ z1 where z1 is the distance from the cloud to the source. 
The expected light-curve from a A5V star located at 8kpc, as seen through a cloud located at 
160pc, with Rdiff = lOOOkm and transverse speed Vr = 30km/s, is given in Fig. 2 down. Using 
this simulation, we have been able to estimate the modulation index as a function of the crucial 
parameter Rdiff . 

4 Toward an experimental setup for searching hidden matter 

Table 1 shows that the search for diffractive scintillation induced by a remote Galactic molecular 
cloud needs the capability to sample every � 10 s (or faster) the luminosity of LMC stars with 
Mv > 20 (A5V type) , with a precision of � 1%. This performance can be achieved using a 
telescope diameter larger than two meters, with a high quantum efficiency detector allowing a 
negligible dead-time between exposures (like frame-transfer CCDs) . Multi-wavelength detection 
capability is highly desirable to exploit the dependence of the diffractive scintillation pattern 
with the wavelength. The probability for a star to be subject to such scintillation is estimated to 
be 10-7 a <  Tscint < a x 1% 7, where a is the fraction of halo made of gaseous objects. Then, the 
average exposure needed to observe one fluctuation of � 5 minute duration is < 106 /a star x hr. 
At isophot Mv = 23 mag/arcsec2 of LMC or SMC, about 105 stars per square degree with 
20 < M1/ < 21 -i.e. small enough- can be monitored 4•·5 . It follows that a wide field detector 
is necessary to monitor enough small stars. 

Foreground effects, background to the signal Conveniently, atmospheric intensity scin­
tillation is negligible through a large telescope ( mscint « 1 % for a > 1 m diameter telescope 3) .  
Any other atmospheric effect such as absorption variations at the minute scale (due t o  fast cir­
ruses for example) should be easy to recognize as long as nearby stars are monitored together. 
Asterosismology, granularity of the stellar surface, spots or eruptions produce variations of very 
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different amplitudes and time scales. A rare type of recurrent variable stars exhibit emission 
variations at the minute scale, but they are easy to identify from spectrum. Scintillation will also 
be easily distinguishable from absorption variations due to the dust distribution in the cloud; 
indeed, the relative column density fluctuations within a domain of Rdif f size is only a few 10-7 
for the clumpuscules, and 10-3 for the Bok globules; it is smaller by orders of magnitudes than 
the fluctuation of dust column density needed to produce measurable absorption variations. 

5 Preliminary studies with the NTT 

To test the concept, we searched for gas induced scintillation of stars located behind or on the 
edge of Bok globules with the ESO-NTT. In june 2005 we got 5400 exposures of Texp = 7s , 
taken with the infra-red SOFI detector in J and K towards B68, cb131 and Bhr71. SOFI is 
the only detector operating with a short readout time (5.5s) ; and IR allows star monitoring 
through the dusty Bok clouds. For a future search for transparent hidden matter, visible light 
-corresponding to the maximum stellar emission- would be more optimal. From reddening 
studies, we confirmed column densities of � 1022 atoms/cm2 . The average phase delay induced 
by the medium is 500 - 1000 x 27r at >. = lOOOnm. According to� our studies, a few percent 
scintillation signal is exp�cted if relative column density fluctuations of � 10-3 occur within less 
than a few thousand kilometers (corresponding to Rdiff < 2000km). Due to poor atmospheric 
conditions, only 948 measurements had a seeing smaller than 1 .511 towards B68. We produced 
the light curves of 2873 stars using the EROS software. After selection and identification of 
known artifacts (hot pixels, dead zones, bright egrets . . .  ) ,  we found only 4 stars with significant 
variability, all of four interestingly located near the Bok globule limit. Their status should be 
clarified with better quality data expected in june 2006. Nevertheless we can already conclude 
that the signal we are searching for should not be overwhelmed by background. We also got 
confirmation from these data that a good seeing is mandatory for a significant sensitivity. 

6 Conclusions and perspectives 

The opportunity to search for scintillation results from the subtle coincidence between the arm­
lever of interference patterns due to hypothetic diffusive objects in the Milky-Way and the size 
of the extra-galactic stars. The hardware and software techniques required for such searches are 
available just now, and a light project could be operational within a year or two. Alternatives 
under study are the use of the data from the LSST project and from the GAIA mission. If a 
scintillation signal is found, one will have to consider an ambitious project involving synchronized 
telescopes, a few thousand kilometers apart. Such a project would allow to temporally and 
spatially sample an interference pattern, unambiguously providing the diffusion length scale 
Rdiff , the speed and the dynamics of the scattering medium. 
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Large scale X-ray, mm-wave and optical cluster surveys hold great promise for understanding 
the origin of the cosmic acceleration. With their sensitivity to the growth rate of cosmic 
structure and the distance-redshift relation, growth of structure tests such as galaxy cluster 
surveys and wea.k lensing cosmic shear offer the possibility of differentiating between dark 
energy models and models of modified gravity. Moreover, the rich set of observables in a 
galaxy cluster survey, including the cluster redshift distribution within luminosity slices, the 
cluster spatial clustering, and weak lensing mass estimates, makes it possible to internally 
check the self--<:onsistency of cosmological constraints. Recent studies highlight the importance 
of scatter in the mass-observable relations and of weak lensing mass constraints in robustly 
calibrating these relations and their evolution. Forecasts for upcoming Sunyaev-Zel'dovich 
effect surveys like the South Pole Telescope provide an exciting glimpse of the power of this 
technique. Current cluster survey experiments will pave the way for all sky surveys like the 
proposed X-ray Dark Energy Cluster Survey, that would deliver 10• detections and detailed 
imaging spectroscopy of thousands of systems. 

1 Cluster Surveys Complement Other Probes of Cosmic Acceleration 

Several independent lines of observational evidence indicate that the expansion of the universe 
has entered an accelerating phase 1•2•3•4. A key objective in cosmology and high-energy physics 
today is to understand the underlying cause of this comic acceleration. It can be explained by 
a ubiquitous dark energy component that dominates the current energy density of the universe; 
it can also be explained by a flaw in our understanding of gravity on the largest scales. Several 
promising astrophysical methods for studying the cosmic acceleration have been developed, and 
each draws upon distance measurements extending over cosmological scales and/or studies of 
the growth rate of cosmic structures. 

The galaxy cluster survey is one of the four key methods for studying cosmic acceleration. 
The other three are SNe Ia distances, weak lensing cosmic shear, and power spectrum standard 
rods (often referred to as baryon acoustic oscillations). These techniques all employ the sensi­
tivity of the distance-redshift relation and the growth rate of cosmic structures to the expansion 
history of the universe H(z). The root of both of these sensitivities lies in the direct connections 
between the expansion history H(z) and the contents of the universe, which is described by the 
Friedman equation(assuming zero curvature: H(z) = y'(8nG/3)p(z) where p(z) describes the 
redshift evolution of the mean matter and energy density of the universe) .  

The distance d to a redshift z in a geometrically flat expanding universe is 

r· c 
d(z) ex lo 

dz' H(z') 
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where c is the speed of light. Thus, distance measurements over a range of redshifts can be used 
to precisely describe the way the dark energy density changes with redshift. Constant energy 
density would signal a cosmological constant; ruling out that possibility would be a fundamental 
breakthrough. Of course, it is also possible the observed acceleration of the universe implies a 
deep flaw in our model of gravity on cosmic scales. Precisely constraining the expansion history 
of the universe using multiple techniques is a promising way to address these two possibilities. 

One typically casts the study of the cosmic acceleration in terms of a measurement of the 
equation of state parameter w of the dark energy. The energy density of a component described 
by equation of state parameter w varies as 

PE(z) = PE(z = 0)(1 + z)3(l+w) 

In fact, these measurements deliver a more general and fundamental property of the universe: 
the way the universal expansion has changed over cosmic time. 

Models where the equation of state parameter varies with redshift are qualitatively similar. A 
generic problem with distance measurements is that the resulting constraints exhibit very strong 
parameter degeneracies. For constant w models, for example, the distance change corresponding 
to a shift in w can be exactly offset by an associated shift in nM. Thus, in general, distance 
measurement techniques have to be combined with precise measurements of the matter density 
parameter nM to obtain useful constraints on the nature of the dark energy 5•6• 

The growth rate of structures in the universe is also sensitive to the expansion history of the 
universe, but, in addition, the growth rate is affected by the clustered matter density PM· The 
differential equation for the linear evolution of density perturbations with overdensity o in an 
expanding universe is 

rJ2o ao 
at2 

+ 2H(t) at = 47rGpMo 
where H(t = t0) is the present epoch Hubble parameter 7•8. Because of the sensitivity of the 
growth rate to both the expansion history and the clustered matter density PM, structure for­
mation based studies that measure the growth rate to constrain the nature of dark energy do 
not suffer from parameter degeneracies to the same degree as simple distance measurement tech­
niques. Structure formation based techniques include studies of the clustering of matter through 
measurements of the cosmic shear (the variations in the weak lensing shear distortions due to 
the projected matter distribution from location to location on the sky) 9•10, galaxy clustering 
techniques 1 1•12•13, and galaxy cluster surveys 14•15•16. The cluster survey technique is especially 
powerful, because the change in the number density of clusters as a function of redshift is expo­
nentially sensitive to the growth rate of structure 17•18•19 • Thus, even in the face of long term weak 
lensing experiments like LSST, we must proceed with large scale galaxy cluster surveys, because 
they provide another highly sensitive probe of the expansion history of the universe. In addition, 
galaxy cluster surveys offer high sensitivity to any possible non-Gaussianity in the distribution 
of density fluctuations like that predicted by recent theories like Ghost Inflation 20. Naturally, 
using cluster surveys to characterize any non-Gaussianity would weaken the constraints on the 
expansion history H(z). 

The bottom line is that a large scale cluster survey provides a wealth of information about 
structure formation over the past 10 Gyr, and this in turn provides profound leverage on a 
variety of cosmological questionil1•16. The cluster survey teclrnique for studying dark energy 
has been improved significantly since its introduction through the efforts of many scientists 
22,23,24,25,26,27,28,29,30,31,32,33. A cluster survey carried out over large solid angle also constrains 
cosmology through the spatial clustering of the galaxy clusters 34•30•31 •  The correlated positions 
of galaxy clusters (encoded in the cluster power spectrum) reflect the underlying correlations 
in the dark matter; these correlations contain a wealth of cosmological information, much like 
the information contained in the CMB anisotropy power spectrum. We plan to use the cluster 
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redshift distribution and the cluster power spectrum as powerful cosmological probes to study 
the cosmic acceleration. 

Each of the key techniques for studying dark energy is subject to different systematics, and 
so studying the cosmic expansion history with multiple, independent techniques is a promising 
way of testing the accuracy of the measurements. The current state of the art in observational 
constraints on w requires combining multiple experiments to obtain a single interesting constraint 
(i.e. WMAP, SNe distances, galaxy power spectra) 4•35•36. One should keep in mind that 
these combined analyses require consistency among the datasets, but the constraints from each 
individual experiment are currently so weak that it is challenging to make meaningful tests of this 
assumption. With the cluster surveys described below, we will move into a regime where a single 
experiment can provide interesting constraints by itself (as strong as or stronger than the best 
current combined constraints). With several precise measurements it will be possible to carry 
out meaningful tests of consistency among the independent experiments before combining them 
to obtain the highest possible precision. With proper control of systematics, any disagreement 
among the experiments indicates a breakdown in the theoretical context of the analysis- perhaps 
pointing to a fl.aw in our understanding of gravity! Thus, there is a huge payoff in accurately 
characterizing systematic uncertainties, and modern dark energy experiments are designed to 
meet this goal. 

2 Cluster Surveys Present: The South Pole Telescope (SPT) Survey 

Cluster surveys have been the focus of intense interest over the years. Currently, there are many 
serendipitous X-ray surveys underway using Chandra and XMM-Newton. In addition, large 
scale multi band optical surveys are underway using the SDSS data 37 and deeper, special purpose 
imaging 38. A new generation of Sunyaev-Zel'dovich effect (SZE) interferometric instruments is 
now being turned to the task of SZE cluster finding, and two multiband, high angular resolution, 
103 element bolometric mapping experiments have been designed to produce the arcminute scale 
angular resolution and low noise CMB maps required for cluster finding. These two experiments 
are the South Pole Telescope (SPT) and the Atacama Cosmology Telescope (ACT). Another 
arcminute resolution mapping experiment currently underway is the single frequency Atacama 
Pathfinder Expertiment (APEX). Below I will describe the SPT survey in some detail. 

Beginning this fall the 10 meter South Pole Telescope (SPT; http://spt.uchicago.edu; PI 
Carlstrom)39 will be deployed, beginning a three year program to survey the southern extra­
galactic sky in four frequencies (95 GHz, 150 GHz, 220 GHz and 274 GHz). A large ground 
screen will restrict SPT observations to sky south of -30° declination, leaving a roughly 4000 deg2 
region of low galactic dust emission. With a 103 element bolometer array, the SPT can rapidly 
survey large regions with arcminute angular resolution to target depths of between 10 and 30 
µK per arcmin2, depending on the band. Mock observations by T. Crawford (U Chicago) 
using hydrodynamical simulations and including primary CMB and extrapolations of the ra­
dio galaxy populations to the SPT frequencies indicate that the 50' detection threshold in an 
SPT Sunyaev-Zel'dovich Effect (SZE) survey corresponds to clusters with virial masses of ap­
proximately 2 .5 x 1014 M0. With the WMAP3 40 cosmology this corresponds to a sample of 
approximately 6500 galaxy clusters (a8 = 0.75 ) .  The 30' sample is considerably larger, but it is 
potentially more difficult to interpret 41•42 .  

2. 1 Staged Optical Followup 

Multiband optical data are needed over the SPT region to determine cluster photometric red­
shifts, provide weak lensing mass constraints and enable multiwavelength galaxy cluster finding. 
For the SPT we have developed a staged optical followup program, which has already begun 
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with the Blanco Cosmology Survey (BCS '05-'07; http://cosmology.uiuc.edu/BCS; PI Mohr). 
The BCS is a 100 deg2 griz imaging survey of sufficient depth to deliver photometric redshifts 
for £. galaxies out to z = l; it is being carried out on the Blanco 4m at CTIO, using 45 nights 
granted through the NOAO Survey program. The second stage involves a collaboration with 
the Kilo-degree Imaging Survey (KIDS '07+; http://www.strw.leidenuniv.nl/ kuijken/KIDS/), 
which will image at least 400 deg2 of the SPT region using the ESO VST survey telescope. 
These first two stages provide imaging data for a sample of approximately 800 SPT clusters, 
which we will use to test our model of the SPT cluster selection (through comparisons of opti­
cal and mm-wave cluster lists) and to constrain the mm-wave cluster mass-observable relations 
with weak lensing. What we learn in these first two stages should enable us to take advantage 
of much larger samples in the subsequent stages. The third stage involves the Parallel Imager 
for Southern Cosmology Observations (PISCO '07-'09; PI Stubbs), which is a 5 arcmin field of 
view imager on Magellan that will simultaneously obtain griz images. Armed with SPT cluster 
lists, we estimate that we can obtain redshifts for approximately 100 clusters per night, mak­
ing it possible to followup 3000 SPT clusters in a 30 night program. Full followup with deep, 
uniform photometry over the entire SPT region awaits the Dark Energy Survey (DES '09-'14; 
http://www.darkenergysurvey.org; Dir. Peoples) .  This final stage involves building a new 3 deg2 
camera (PI Flaugher) for the CTIO Blanco 4m and creating a data management system (PI 
Mohr) at NCSA to process 500 nights of survey data into science ready images and catalogs. 

2.2 Forecasts and Challenges 

Most forecasts for SPT constraints on the dark energy equation of state parameter have been 
around the 53 level (la) . Early forecasts adopted essentially no priors from other experiments 
but used only the redshift distribution of the clusters 16•22 . More recent calculations included 
information from the cluster power spectrum and the luminosity function or mass function within 
redshift bins, but included our lack of knowledge of the mass-Dbservable relations (so-called 
self-calibration)29•27•30. Over the past year new calculations have focused on the importance 
of determining the scatter about the mass-observable relations, something that can also be 
self-calibrated 31•32. 

The most recent calculations (courtesy W. Hu, U Chicago) include (1 )  variation of the the 
dark energy equation of state, (2) our lack of knowledge of the scatter in the mass-observable 
relation, (3) the factor of four reduction in clusters with the latest WMAP constraints on 
the power spectrum normalization, (4) crude weak lensing mass constraints and (5) Planck 
priors from polarization and temperature anisotropy. Within this context the forecast la fully 
marginalized constraints on wp(wa) are 0.04(0.84). 

The biggest uncertainty facing SPT cluster cosmology is the poorly constrained cluster 
radio galaxy population at high frequencies. In general, radio galaxy spectra extend to higher 
frequency and then break43 . However, the behavior of the population above 100 GHz and at SPT 
fluxes of a few mJy are not well known. A study of the local 1 .4 GHz radio galaxy population 
in about 600 X-ray selected clusters provides a strong constraint on their radial distribution 
within clusters (very centrally concentrated) and their luminosity function. Extrapolations to 
150 GHz using a simple spectral model suggested by others for studies of the density of phase 
calibrators for ALMA suggest that cluster radio galaxies could significantly affect up to 103 of 
SPT clusters 44. We are attacking this problem through studies of the spectra of local cluster 
radio galaxies and the redshift evolution of the cluster radio galaxy population. Ultimately, the 
SPT cluster selection model must be compared to cluster selection at other wavelengths where 
radio galaxies are not a problem. We plan to do this in the optical and X-ray; indeed, with 
our collaborators we are following up all the XMM-Newton fields within the SPT region to 
provide an X-ray selected comparison sample for tests of the SPT cluster selection. Our goal is 
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to push our understanding of the cluster selection to the level that it does not make a significant 
contribution to the forthcoming SPT cosmological constraints. 

3 Cluster Surveys Future: The Dark Energy Cluster Survey (DECS) 

With all the excitement about the current generation of cluster survey experiments it can be 
easy to lose sight of even more powerful future experiments. A survey of the entire extragalactic 
sky to the depths required to detect significant numbers of clusters out to redshift z� 1 and 
beyond would enable new tests of the underlying cause f�r the cosmic acceleration. Mining 
the cosmological information from such a survey would require exquisite control of systematics 
in cluster mass estimation and cluster selection. At present the best understood and cleanest 
cluster selection technique is the X-ray, where the primary concern is the separation of cluster 
extended sources from AGN emission; with adequate angular resolution this challenge can be 
overcome. Moreover, all sky X-ray surveys are quite natural with available mirror and detector 
configurations in space, while 90GHz to 270Ghz SZE surveys with adequate angular resolution 
require exceptionally dry sites and 10 meter scale telescopes. Any large scale X-ray or SZE 
survey requires a multiband optical survey to obtain cluster photometric redshifts and constrain 
cluster masses using shear. Optical cluster surveys in themselves show great promise, but 
they may ultimately be limited in their cosmological utility by two factors: ( 1 )  the very large 
scatter ( �75% lu) in the relationship between halo mass and the galaxy observables 38•45, and 
(2) the difficulty of reliably creating self-consistent, simulated universes that include galaxy 
formation, which can then be used to characterize the optical cluster selection. Weak lensing 
cluster finding has been shown to produce highly incomplete and contaminated cluster samples, 
and so proponents are now refocusing away from clusters and back on the very rich weak lensing 
cosmic shear experiments 46·9. 

A recent proposal to study a large scale X-ray survey mission and to futher quantify and 
address the key systematic concerns is led by Mark Bautz (MIT). This mission, the Dark Energy 
Cluster Survey (DECS), would survey the entire extragalactic sky with novel X-ray optics that 
deliver XMM-like angular resolution over a wide field of view. Chandra-like CCD detectors 
would cover the focal plane, making for a very high etendue observatory, which could deliver 
samples of 105 X-ray cluster detections and detailed followup imaging of thousands of those 
systems. There is another pending mission called e-ROSITA (led by Guenther Hasinger; MPE, 
Garching) that employs different mirror and detector technology but would also lead to samples 
of 105 clusters. Missions of this sort during the next decade are especially interesting, because 
the required large scale optical imaging for cluster photometric redshifts and weak lensing mass 
constraints will have be acquired by the planned PAN-STARRs, DES and LSST large scale 
imaging experiments. 

Forecasts for this "ultimate" cluster survey experiment were estimated by S. Wang and Z. 
Haiman (Columbia U) and include several novel elements to address systematic effects. The 
basic approach follows that described in the first section of this paper and recently endorsed 
by the Dark Energy Task Force report on dark energy experiments. Planck CMB temperature 
and polarization anisotropy are assumed as priors, and cosmological constraints on the dark 
energy density, dark energy equation of state parameter Wp and its variation with redshift Wa 
are examined within the context of varying curvature, matter density, baryon density, initial 
power spectrum index, power spectrum normalization, and Hubble parameter. The relationship 
between cluster observables (X-ray luminosity and emission weighted mean temperature) is 
modeled as a power law relation (i.e. slope changes with cluster mass) that evolves with redshift. 
A curvature parameter for these power law relations is introduced, and the scatter about these 
relations is modeled as log-normal. In addition, uncertainties in cluster survey selection and 
contamination are modeled by introducing a free scaling parameter into each redshift and mass 
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bin. Constraints on this system with 8 free cosmological parameters, 33 parameters to describe 
the evolution of the normalization, scatter and slope of the mass-observable relation, and an 
additional 45 selection scaling parameters come from (1) the redshift and flux distribution of 
the cluster sample, (2) the weak lensing cluster mass constraints (assumed to be 30% accurate 
at la level), and (3) the clustering of the galaxy clusters. 

Forecast la constraints on the equation of state parameters are quite exciting, even in the 
face of the large amount of parametrized "freedom" introduced in our model. In particular, 
constraints on the equation of state parameter evolution are a factor of three better than for the 
case of SPT described above. Moreover, we use the 45 selection scaling parameters to examine 
how well we need to understand the cluster selection in each flux and redshift bin to be able 
to harvest the statistical information in the survey. Specifically, we introduce priors on these 
selection parameters, and these act essentially as a noise floor within each flux and redshift 
bin. For example, a 10% floor in selection that is added in quadrature with the statistical 
uncertainty in that bin makes samples exceeding �100 clusters in that bin of little utility. We 
examine forecasts with 10%, 1% and 0.1% selection floors. Our calculations indicate that to 
fully use the 105 clusters delivered by the DECS survey one must use simulations and mock 
observations to understand the incompleteness and contamination at about the 1 % level. For 
X-ray surveys the primary selection concern is that combinations of X-ray point sources might 
masquerade as extended sources. In previous serendipitous ROSAT surveys with significantly 
worse image quality47, contamination levels at the �1% level were achieved (confirmed through 
later high angular resolution Chandra imaging of these clusters) .  Therefore, we are optimistic 
that with the superior angular resolution of DECS and a program of mock observations to 
fully characterize the selection, it should be possible for us to achieve 1 % control of selection 
systematics. The smaller sample of thousands of clusters observed for longer periods of time 
can be used to carry out an essentially independent cluster survey experiment that employs 
cluster X-ray emission weighted temperatures rather than fluxes. Built in cross-checks like these 
and robustness to uncertainties in the mass-observable relations make this future mission quite 
exciting. More details of this calculation will be reported elsewhere in a DECS paper. 

4 Summary 

There continues to be significant development of the large scale cluster survey technique for 
precise studies of cosmology and structure formation. This technique combines the growth of 
structure and the distance-redshift relation tests to enable powerful new probes of the nature of 
the cosmic acceleration. In combination, distance-redshift relation and growth of structure tests 
can in principle be used to differentiate simple dark energy models from modifications of gravity; 
in practice, differentiating these two possibilities will require exquisite control of systematics in 
multiple, independent tests. 

Serendipitous X-ray surveys and dedicated, large scale optical and SZE surveys are now 
underway, and results should be available in the next year. The first multi-wavelength, arcminute 
resolution SZE imaging experiments SPT and ACT will become operational this winter. These 
current experiments will provide exciting cosmology and lay the groundwork for even larger scale 
future experiments. In addition, continuing advances in direct simulation of structure formation 
are providing the tools required to improve our understanding of systematics in cluster selection 
and the cluster mass-observable relations; these tools will enable even more powerful future 
cluster survey based studies of cosmology and structure formation. One such mission is DECS, 
a full sky X-ray cluster survey mission that will deliver a sample of 105 clusters with deep 
imaging spectroscopy of thousands. 
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The main objective of the OLIMPO project, a large stratospheric telescope, is the measure­
ment of the Sunyaev-Zeldovich effect in many clusters of galaxies during a long-duration 
balloon flight. We describe the OLIMPO experiment, and outline the scientific rationale of 
balloon-borne measurements of the effect. 

1 OLIMPO Science 

The high Galactic latitude sky at infrared and millimetric frequencies has three main sources of 
diffuse emission: the Cosmic Microwave Background (CMB) primary anisotropy, the Sunyaev­
Zeldovich effect in clusters of galaxies, and the Far Infrared Background (FIRB) from early 
galaxies. The " cosmological window" extends roughly from 90 to 600 GHz. At lower frequen­
cies interstellar emission of spinning dust grains, free-free and synchrotron emission from the 
interstellar medium dominate over the cosmological background, while at higher frequencies the 
clumpy foreground from "cirrus clouds" of interstellar dust dominates the sky brightness even 
at high Galactic latitudes. The only way to separate these different emissions - in order to allow 
cosmological parameter extraction - is to use multi-band experiments. OLIMPO will carry out 
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a survey in four frequency bands centered at 140, 220, 410 and 540 GHz. In this section we give 
a brief description of the different observables relevant for these surveys. 

1 . 1  CME Primary Anisotropy 

CMB primary anisotropy can be detected in the lower frequency bands of OLIMPO. Taking 
advantage of its high angular resolution (a few arcmin, depending on the frequency), and con­
centrating on a limited area of the sky, OLIMPO will be able to measure the angular power spec­
trum of the CMB up to multipoles £ � 3000, significantly higher than BOOMERanG, WMAP 
and Planck. 

OLIMPO < TT >  p ower spectrum 
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Figure 1 :  Angular power spectrum of CMB anisotropy expected from OLIMPO observations. For the simulations 
we assumed 4 days of integration over f,.y = 0.3% of the sky; 37 detectors with NET = 200µK/VHz, and a 

resolution of s
'
FWHM. 

OLIMPO measurements will be complementary and affected by very different systematics 
than those of the low-frequency (30 - 90 GHz) ground-based interferometers (see e.g . . CBI, 3) ,  
allowing a necessary cross-check for  potential foregrouncis. Also, the high multipoles tail o f  the 
power spectrum of the sky includes contributions from populations of discrete sources, such 
as distant clusters, early galaxies and AGNs. Only multi-band observations can discriminate 
between the contributions from these sources. The bands of OLIMPO listed above have been 
selected for optimal component separation by means of extensive simulations of the mm/sub-mm 
sky (see fig. 2) .  

1 .2 S-Z Effect in Cluster of Galaxies 

Clusters of Galaxies represent a late development in the bottom-up scenario for the formation 
of structures. The intra-cluster (IC) gas is bright in the X-ray band, due to thermal bremm­
strahlung, and in the mm/sub-mm band due to Compton scattering of the CMB - the Sunyaev­
Zeldovich (S-Z) effect. The effect is a systematic shift of photons from the R-J to the Wien 
side of the Planck spectrum IO,?,? , amounting to a decrement below 217  GHz, and an increment 
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(a) Components maps at 143GHz 

(b) Total maps for the four OLIMPO bands 

(c) Extracted maps at 143GHz 

Figure 2: Simulations of expected signals: CMB anisotropies, SZ effect due to intracluster medium and IR 
background. OLIMPO is capable to disentangle the various components thanks to its characteristics: high 

resolution, high frequency channel that covers full SZ spectra, many low noise receivers 

above this crossover frequency. Moreover, the S-Z effect is redshift independent, thus it can be 
measured in high redshift clusters much more optimally than in the complementary optical and 
X-ray surveys. This advantage obviously provides a unique tool to investigate the early evolu­
tion of structures. The OLIMPO bands are chosen to optimally sample the S-Z effect in clusters 
(see fig. 3) and distinguish it from CMB primary anisotropies and competing foregrounds. 
Moreover, the simultaneous observation of an increment at 410 and 540 GHz, in addition to 
measurements near the crossover frequency will allow us to measure the relativistic corrections 
(see e.g. 13• 14• 15) and possibly also the gas temperature. even in the absence of X-ray data (fig. 
3) . We have carried out extensive simulations of the OLIMPO observations of clusters in the 
presence of Galactic Dust, CMB anisotropy, and instrumental noise. We plan to map about 40 
known clusters during each of the planned OLIMPO flights. Reasonable integration time for 
each target can thus easily be several hours, spread on a sky patch of about 1 square degree cen­
tered on the cluster. Assuming a detector noise similar to the one achieved with BOOMERanG 
(i .e . 150 µK/../Hz for each detector at 140 GHz) , and using the nominal configuration of the 
four arrays, simulations show that the cluster parameters y, Te and the CMB (D.T) and dust 
(b.T) anisotropy can all be recovered with :;:., 103 accuracy. In particular, if y � 5 x 10-5 and 

27 1 



Te "' lOkeV, we get ay "' 10-6 and are "' 2keV (see 16) .  We wfo combine these measurements 
with X-ray measurements to build a " Hubble diagram" for the determination of H0• We also 
expect to detect previously unknown clusters in the deep CMB anisotropy survey by OLIMPO. 
Such deep S-Z surveys will yield independent estimates of OA and of Om through the evaluation 
of clusters counts, and the shape of the power spectrum (see e.g. 1 7) . 
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Figure 3: Spectrum of the Sunyaev-Zeldovich effect in a rich cluster of galaxies, for different temperatures of 
IC electrons (7 to 20 keV). The spectrum is compared to the OLIMPO bands at 150, 240, 410 and 540 GHz. 
Notice that the relativistic correction for high temperatures has opposite effects in the two high frequency bands 

of OLIMPO, thus breaking a degeneracy in the determination of the cluster temperature. 

1 .3 FIR Background 

Many indications favor the bottom-up scenario for structure formation in the Universe. Small 
structures formed first, and larger structures merged later. Star forming regions in early galaxies 
produce intense thermal radiation from heated dust, which is now visible in the sub-mm band as 
the Extragalactic Far Infrared Background (FIRB) detected by COBE-FIRAS 4. Resolving the 
FIR background and studying the unresolved component will allow us to investigate the cosmic 
"middle ages" at z = 1-10, when light shone again in the Universe after the "dark ages" following 
recombination. The steep spectrum of dust in the far infrared produces a large K-correction 
at redshift of 3-10, which is mostt optimally probed by sub-mm observations 5 . Cosmic star 
formation history can thus be investigated in a way completely orthogonal to the visible and 
NIR deep surveys. OLil\.IPO will be sensitive to the anisotropy of the FIRB, in an observational 
niche still to be explored (see 6• 7 ) .  

2 OLIMPO: the payload 

OLIMPO is implementing a number of advanced technical solutions. 
The main frame (fig. 4)is made out of aluminum alloys, and has been optimized to withstand 

lOg shocks (vertical) and 5g shocks (horizontal, any azimuth) at parachute opening. 
The inner frame, with the attached telescope and the cryostat housing the detector system, 

can be tilted to set the observing elevation from 0° to 60°. The low elevations achievable allow 
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Figure 4: Left: The OLIMPO payload in a recent picture {all shields removed) . Right: Structure deformations 
for a 5g horizontal load, as computed by finite elements modelling. 
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Figure 5: Left: Ray Tracing of the cryogenic section of the optics. From top to bottom are shown the vacuum 
window of th� cryostat, the tertiary mirror, the Lyot Stop, the fifth mirror and the two dichroics splitting the 

beam on the four detector arrays. Right: its realization. 
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accurate ground-based calibrations of the system and the observation of planets for calibration 
during polar flights. 

The telescope, developed in Rome, is an on-axis Cassegrain configuration with a 2.6m alu­
minum primary 18 . The secondary mirror is suspended by means of thin stainless steel blades 
to minimize the background from local structures and to avoid beam vignetting. 

Sky scans are performed by slowly scanning the primary mirror in the cross-elevation direc­
tion. The modulator design is similar to the ones in 19•20 , but allows a substantial reduction of 
the scan-synchronous offset by moving the primary mirror instead of the sub-reflector. Up to 3° 
wide, 1° /s cross-elevation scans are possible with this system. The full payload can also perform 
azimuthal scans, to cover wider regions. The telescope has been assembled; focusing and beam 
characterization at 90GHz and 140GHz are underway. 

The detector system is made of four bolometer arrays, which are being developed in Cardiff 
together with the dichroics that allow multiband operation. These detectors are an evolution 
of the highly successful devices used in the BOOMERanG and Planck-HF! instruments 21 • In 
order to achieve low dispersion in the characteristics of the detectors, a fully photo-lithographic 
process producing TES (transition edge superconductor) sensors on silicon nitride islands on a 
Si wafer has been developed. In this way the entire bolometric arrays are being fabricated with 
a fully automated process. Filters and antennas can be integrated on the detectors wafer by 
means of micro-strip technology. The four arrays at 140, 220, 410 and 540 GHz will be composed 
of 19, 37, 37, 37 detectors, respectively. Each array will fill the optically correct area of the focal 
plane (about 0.25° in diameter projected on the sky). 

The cryogenic reimaging optics is being developed in Rome. It is mounted in the experiment 
section of the cryostat, at 2K, while the bolometers are cooled at 0.3K. Extensive baffling and a 
cold Lyot stop reduce significantly straylight and sidelobes. Optics have been optimized to allow 
diffraction-limited operation even with significant tilt of the primary mirror during sky scans. 

The bolometer arrays and the reimaging optics will be arranged into a modified version 
of the long duration cryostat developed for BOOMERanG 22•23 •  The main difference here is 
the use of fiberglass cylinders to replace the kevlar cords suspending the LN and LHe tanks. 
Fiberglass cylinders provide higher stiffness to the system, which is a primary requisite to keep 
the detector arrays centered on the optical axis within diffraction limits during operation at 
different elevations. 

Radiation is refocused into the cryogenic optics through a side of the cryostat, to allow op­
eration of the system with the telescope axis horizontal or at low elevation, during ground based 
calibrations and during in-flight calibrations on planets. The side window is made of Propozote 
foam, a material with extremely high (> 99%) transmittance at the operating frequencies, thus 
ensuring minimum excess background on the detectors, while preserving excellent mechanical 
strength and vacuum tightness. 

The other payload systems (on-board data conversion and acquisition, Attitude Control 
System, Telemetry, Thermal Shields and Housekeeping) are similar to those of the BOOMERanG 
experiment 24•25 . The Attitude Control System is derived from that of BOOMERanG and 
completed with day and night-time attitude sensors: laser gyroscopes, sun sensors, and star 
camera. The first flight will be from Svalbard to Greenland. 
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The effects of instrumental systematic errors on the potential of CMB polarization experi­
ments targeted to detect primordial B-modes is investigated. The errors are parameterized 
in a general manner, and their transformation under instrument rotation is discussed. The 
correspondence to known errors introduced via the receiver and the optics is found, with a 
half-wave-plate receiver considered as an example. This receiver is found to have the significant 
property of not coupling the total intensity into polarization, provided the optics are perfect. 
A fast method for finding appropriate limits for such errors is presented, which includes the 
propagation of systematic errors through to biases in cosmological parameters. This method 
incorporates an arbitrary scan strategy, specified by a list of instrument orientations for each 
pixel. Example results are given in the context of next-generation experiments such as Clover. 

1 Introduction 

There is currently a great deal of interest and activity in the field of CMB polarimetry as re­
cent advances in technology are beginning to open up the possibility of accessing the expected 
wealth of cosmological information encoded in the polarization of the CMB. In particular, a de­
tection of primordial B-modes is seen as a promising method for measuring the tensor-to-scalar 
ratio, r, which would help constrain the current plethora of inflationary scenarios. However, 
B-mode anisotropies are known to be at least two orders of magnitude smaller than the temper­
ature anisotropies, and so their detection presents a great experimental challenge, and requires, 
amongst other things, exquisite control of instrumental systematic errors. 

2 Modelling instrumental systematic errors 

2. 1 Muller matrices and receiver errors 

For systems that simply alter the state of polarization of the incoming radiation, we can describe 
the effects on the Stokes parameters via a Miiller matrix, M. The observed Stokes vector, Bobs is 
related to the Stokes vector of the incoming radiation, s = (T, Q, Uf, by Babs = M s. Working 
in the flat-sky limit, we adopt Cartesian co-ordinates with the z-axis outward along the line of 
sight, and x- and y-axes pointing north-south and west-east respectively. Therefore, to comply 
with IAU standards, the Stokes parameters are defined using the x and negative y directions. It 
is useful to work with the complex Stokes vector, p = (T, P, P*)T, where P = Q + iU, as these 
spin states have a particularly simple transformation under basis rotation. Rotating the x-axis 
through an angle 'ljJ towards the negative y-axis, we find P f-t Pe-

2i1/J ; that is the P field has a spin 
of -2. We adopt the conventions that the Miiller matrices are defined in the instrument basis, 
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and the Stokes parameters are always expressed in the sky basis. When these two bases coincide 
the instrument is in its fiducial orientation. Under a rotation of the instrument by 'lj;, the observed 
Stokes vector becomes Pobs (:z:; 'lj;) = At('lj;)MA('lj;)p(x) ,  where A('lj;) = diag(l , e-2i¢ , e2i1/i ) .  We 
will make use of the parameterization for the differences between observed and actual Stokes 
parameters defined by Hu et al. 1 , 

8(Q ± iU) = (a ±  2iw) (Q ± iU) + (/1 ± ih) (Q =f iU) + h1 ± i/2 )T. ( 1 )  

Of particular interest are /I and 12 as they measure the level of  total intensity leakage to 
polarization, and, as the total intensity signal is expected to be several orders of magnitude 
greater than the one we wish to detect, the tolerance limits on these parameters will be very 
strict. 

The propagation of radiation through a receiver can be described by a Jones matrix, J . 
Importantly, any systematic errors in a component of the receiver can generally be parameterized 
in its Jones matrix. There are many different receiver architectures, and here we will consider one 
with particular relevance to CMB polarimetry, the rotating half-wave-plate receiver, in which 
the incoming radiation passes through a half-wave-plate rotating at a constant rate, v, before 
being split into orthogonal components by an OMT. In the ideal case, the final Jones matrix is 

T ( cos 2vt sin 2vt ) 
Jtot = JomtJrotJhwpJrot = · 2 t 2 t · Sill I/ - COS I/ (2) 

After propagating through the receiver, the two components pass into detectors which measure 
their power. The Stokes parameters can then be recovered, for the Q and U parameters by 
integrating the detector difference multiplied by cos 4vt and sin4vt respectively over time. We 
can now introduce systematic errors, parameterized in the Jones matrices such that ( l + g1 E1ei81 ) ( l + h1 (1eixi ) 

Jomt = E2ei62 (1 + g2)eia ' Jhwp = (2ei;(2 -(1  + h2)ei/3 . (3) 

We also introduce a phase shift error of 8¢ into the rotation. Following these errors through, 
and expanding to first order in each parameter, we find perturbations to the observed Stokes 
parameters that can be expressed as 

2w = E1 cos 01 - E2 cos 82 - 48¢ - (1 cos X1 - (2 cos x2 (4) 

with Ji = h = /1 = /2 = 0. Significantly, this suggests that, assuming the rest of the instrument 
is perfect, a rotating-half-wave plate will not cause total intensity to leak into polarization. 

2.2 Muller fields and optical errors 

The propagation of the Stokes vector through the optics is described by matrix-valued fields, 
M(x) , which couple the Stokes vector fields on the sky to the observed vector for a particular 
pointing. That is, with the instrument at an angle 1/J, the observed Stokes vector is 

(5) 

where R is the rotation matrix. The relevant matrix fields are related to the far-field radiation 
patterns of the instrument, EA and EB as 

MQr � ( IEA l2 - IEB l2) 
MQQ � ( IEA co l2 - IEA cross l2 + IEB co l2 - IEB cross l2) 
MQu 
Mur 
MuQ 
Muu 

� (EAcoEA cross + EB coEBcross) + C.C. 

� ( -EA co EB cross + EA cross EB co) + C.C. 
� (-EA coEscross - EA crossEs col + c.c. 

� (EAcoEs co - EAcrossEB cros.J + c.c. (6) 
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where, for example, Mqr is the matrix element that couples T into Q. We have defined the 
co-polar components along the x- and negative y-axes respectively, and adopt the Ludwig-III 
standard for cross-polar directions. 

We can introduce systematic errors parameterized in the beam fields. We consider pointing 
errors bA and bB and ellipticities eA and eB aligned with the instrument axes. For brevity we 
neglect cross-polar errors, but they can be included straightforwardly. Hence, we have 

1 ( (x-bA.xl2 + (y-bA0y)2 ) 1 -4.;"2 � (l-eA)2 ,,/21rcr2(1 - e�) 
e , (7) 

with a similar form for EB co , with A H  B. We reparameterize the errors as p = {u ( bA + bB) , 
bd = {u ( bA - bB) ,  e, = � (eA + eB) and q = � (eA - eB) · Expanding equation (5) to first order 
in these parameters, and integrating by parts we find (see Hu et al. 1 ) ,  

8 (  Q±iU) (cr) = crp· V(Q±iU) (cr) +crbd · VT(cr)+cr2e, (a; - a;) (Q±iU) (cr) + cr2q(o; - a;)T(cr) (8) 

with the instrument in its fiducial orientation and where T(cr) is the beam-smoothed T field etc. 
For general errors, it is useful to introduce a decomposition of the Mi.iller fields into compo­

nents that transform irreducibly under rotation. That is, 

(9) 

Using this decomposition, equation (5) becomes 

Pobs(x; "l/l) = :�::>i{m-n)l/J At ("ljJ)MmnA("ljJ)(-cr)m+n (ax + iilyr(ax - ioytp(x; er) . ( 10) 
mn 

All errors considered above can be expressed in this general manner. 
The perturbations in equations (1 )  and (8) are relevant for a raster scan, in which each 

sky pixel is visited in the fiducial orientation. Importantly, the different spin properties of the 
contamination fields means that some of the errors can be controlled through beam rotation, 
for example, for an 'ideal' scan, in which each pixel is visited in every orientation, the /, f, bd, 
p and e8 terms disappear from these equations. Only those fields with the correct spin remain. 

3 Power spectra and cosmological constant biases 

In order to assess fully the impact of a systematic error, it is necessary to follow its effect through 
to the fundamental science products of the experiment. Here, initially this is the B-mode power 
spectrum. To calculate the power spectrum, we take the simple approach of Fourier transforming 
the Stokes parameter fields and averaging the power in each mode in annuli in Fourier space. For 
example an e, error with a raster scan leads to a bias in the power spectrum of e; (cr4l4 -a2l2)C/! , 
and a /I error a bias of �1rCf These biases are scan dependent: for an ideal scan the e8 bias 
is e;(a4l4/2 - cr2l2)C{,3 and the /I bias disappears. (The e, results require map perturbation 
terms proportional to e; . ) We can also consider an arbitrary scan strategy, which is useful for 
two reasons. Firstly, to assess the extent to which we can control errors with beam rotation 
with a realistic scan (the ideal scan is unrealizable from the ground) . Secondly, for a realistic 
scan, each pixel is treated differently and this can lead to a mixing of the E- and B-modes in a 
manner that isn't seen for either the raster or ideal scans. Due to the nature of the mixing, it 
may be difficult to remove the effects even for calibrated errors. For a 11 error, averaging over 
the visits to a pixel during a scan (labeled by j ) , the observed spin states are 

2: .  e±2i.p1 
(Q ± iU)obs (x) - (Q ± iU) (x) = J 

Lj 
/1T(x) = 11R±2(x)T(x) ( 1 1 )  

278 



Parameter a 
Limit 5 x 10-

�··· 
p 

Figure 1: Power distribution of simulated co-polar beams. (Simulations by Grimes, Yassin and Johnson 2006). 

where we have introduce the scan dependent function, R(x). This leads to 

2 
C�bs = CB +  327r�1fsky J d</Jl J d2f l (R2(l - t)e2i</>i + R-2 (l - t)e-2i<Pi 12cT(l') ( 12) 

By starting with equation (10) we can derive an equivalent result for the irreducible decomposi­
tion. This is useful as it removes the need to undertake Monte-Carlo simulations to investigate 
the effects of systematic errors with an arbitrary scan and so provides a much faster method. 

Having described the biases in the power spectrum, we can use a simple maximum likelihood 
method to find the expected bias in r, the ultimate target of CMB polarimetry. Assuming 
Gaussian errors, ab, in the power spectrum estimates, with b labelling the bands we have 

.6. _ Lb BrCf (C!t,. - CB)b/at 
r

sys - Lb(8rCf)2/at 
(13) 

We are now armed to find tolerance limits on the defined errors. Here, we set tolerances such 
that the bias introduced in r is less than 10% of the expected random error in r, under conditions 
appropriate for next-generation ground-based experiments. For a raster scan we find the limits 
shown in Table 1. For a semi-realistic scan, based on constant elevation scans of a low foreground 
patch from Dome C, we find that the contamination in r increases ten fold for an e8 error over 
the raster scan result (which is similar to the ideal scan result) as a result of E- and B-mode 
mixing, and decreases by almost a factor of two from the bd error shown in Table 1 due to beam 
rotation. 

We can also calculate the biases in the power spectra and r caused by real (or simulated) 
beam patterns, which can help uncover unexpected errors, or to investigate errors that are 
hard to parameterize. For example, the beams shown in Figure 1 are co-polar power beams 
with contours down to the -63dB level simulated using GRASP 9 for a realistic optical setup. 
By forming the Miiller fields as given in equation (6) we can find the power spectrum bias by 
averaging the power in the fields in annuli in Fourier space. For a raster scan, this reveals a 
contamination to the power spectrum at l < 70 that leads to a bias in r of around 153 of the 
random error. This is due to the small (less than -50dB) differences in the two beams away 
from the beam centres, that cause total intensity leakage into Q, as MQT is proportional to the 
beam difference. This leakage can be controlled with beam rotation. 
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Inflationary model selection and the Planck satellite 

Cedric Pahud, Andrew R. Liddle, Pia Mukherjee, David Parkinson 

Astronomy Centre, University of Sussex, Brighton BNl gQH, United Kingdom 

This article gives a brief overview of results given in Ref. 1. We use Bayesian model selection 
techniques to explore the ability of the Planck satellite to constrain inflationary parameters, 
here focussing on its ability to distinguish a power-law spectrum from a Harrison-Zeldovich 
spectrum. 

1 The Planck Satellite 

Figure 1: Satellite to be launched by ESA in 2008. [Image courtesy ESA/Planck collaboration] 
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2 Model Selection 

One of the key goals in cosmology is to determine the necessary number of cosmological param­
eters to describe the Standard Model. As such, the aim is to differentiate between cosmological 
models with different numbers of parameters. To solve this problem, we use a statistical ap­
proach known as Bayesian model selection. 

We are interested in forecasting the ability of the Planck satellite to determine the nature of the 
primordial perturbation spectrum. For this purpose, we compare the two following models: 

M1 ) a fiat, Harrison-Zel'dovich model with a cosmological constant, 
M2) the same as M1 , except allowing the scalar spectral index to vary in the range of 0.8-1 .2. 

3 The Evidence 

The Bayesian model selection technique consists of evaluating the evidence E(M) for each model 
M, given by 

E(M) = P(DIM) = j d()P(DI(), M)P(e!M) . ( 1 )  

I t  corresponds to  the integration of  the likelihood P(DI(), M) over the set of  parameters () of 
a model M, considering the data D, and the prior P(()IM) is normalized to unity. We use a 
nested sampling algorithm (Skilling 2, Mukherjee et al. 3) to find the points to compute the 
evidence and simulate the data D using the best-fit WMAP models 4 . The evidence charac­
terizes how well a model M can fit the data D. To compare our two models, we consider the 
Bayes factor, defined as B12 = E(M1 )/E(M2) ,  and we use the Jeffreys' scale 5 to determine the 
significance of any difference in evidence between the two models. 

Jeffreys' Scale (Let's suppose that M1 has the higher evidence) 

ln B12 < 1 => not worth more than a bare mention 
1 < lnB12 < 2.5 => substantial 
2.5 < ln B12 < 5 => strong to very strong 

5 < ln B12 => decisive 

4 Main Point of Interest 

Using parameter values consistent with WMAP, Planck-quality data was simulated for different 
values of the scalar spectral index ns. We aim to forecast Planck's ability to distinguish between 
the Harrison-Zel'dovich model and a model where ns varies and is to be fit from the data. Thus, 
we calculate the Bayes factor for different simulated data, corresponding to different possible 
values of ns , which the Planck satellite is expected to measure at the precision of ±0.005 6. In 
the future, the Planck measurement of the scalar spectral index will make it possible, considering 
the Jeffreys' scale, to discriminate between the two models. 
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5 Results 

Figure 2: The horizontal Jines indicate where the comparison becomes 'strong' (dashed) and 'decisive' (solid) on 
the Jeffreys' scale. The calculations were done using CosmoNest, available at www.cosmonest.org. 

We see that if the true value lies in the range 0.989 < ns < 1 .01 1 ,  Bayesian model selection 
will favour the Harrison-Zel'dovich model, and within the narrower range 0.994 < ns < 1 .006 it 
will give strong support to that model, though Planck on its own is not powerful enough to be 
able to decisively favour Harrison-Zel'dovich over ns-varying model even if Harrison-Zel'dovich 
is the true case. Only once ns < 0.986 or ns > 1 .014 can Planck offer strong evidence against 
Harrison-Zel'dovich, rapidly becoming decisive as the fiducial value moves away from unity 
beyond 0.983 or 1 .017. 
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THE HUBBLE SPHERE HYDROGEN SURVEY 

Jeffrey B. Petersorf and Kevin I3andunf 
Department of Physics, Carnegie Mellon University 

5000 Forbes Ave, Pittsburgh, PA 15213, USA 

Ue Li Perf 
Canadian Institute for Theoretical Astrophysics, University of Toronto 

60 St. George StreetToronto, Ontario, M5S 3H8, Canada 

An all sky redshift survey, using hydrogen 21 cm emission to locate galaxies, can be used to 

track the wavelength of baryon acoustic oscillations imprints from z � 1 . 5  to z = 0. This will 

allow precise determination of the evolution of dark energy. A telescope made of fixed parabolic 

cylindrical reflectors offers substantial b enefit for such a redshift survey. Fixed cylinders can 

be built for low cost, and long cylinders also allow low cost fast fourier transform techniques 
to be used to define thousands of simultaneous beams. A survey made with fixed reflectors 

naturally covers all of the sky available from it's site with good uniformity, minimizing sample 

variance in the measurement of the acoustic peak wavelength. Such a survey will produce 
about a billion redshifts, nearly a thousand times the number available today. The survey will 
provide a three dimensional mapping of the bulk of the Hubble Sphere. 

1 Introduction 

If the universe today is accelerating as it expands, some anti-gravity agent, some Dark Energy, 
must be acting on Hubble-radius scales. On galactic scales, however, ordinary attractive gravity 
dominates, otherwise galaxies and galaxy clusters would never have assembled. The strength of 
the dark energy force must be a different function of distance than the force of ordinary gravity. 

In the past physical scales were compressed, and average matter densities were higher, so 
attractive gravity dominated, even on hubble-radius scales. This means the universal expansion 
has likely made a recent transition from deceleration to acceleration. We should be able to 
witness this shift by measuring the expansion rate history H(z) from redshift zero to � 1 .5 .  

A wide variety of programs have been proposed to measure the expansion history, and 
some of the most promising techniques involve the measurement of baryon acoustic oscillations1 . 
Before the recombination epoch, at redshift llOO, the ionized cosmic material supported acoustic 
oscillations. Loss of ionization at that epoch decoupled the baryonic material from the CMB 
photons, terminating these oscillations and establishing in the CMB the acoustic peak patternS2 
3 shown in detail by the WMAP satcllit�. The baryon density field was also imprinted with 
acoustic oscillation structure and these � lOOMpc acoustic peaks have survived to today3 . 
Both the 2dfi and Sloan Digital Sky Survef teams report two sigma detection of acoustic peak 
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features in the power spectrum of the low redshift galaxy density field. Since the wavelength 
of the acoustic oscillation spectral peak was imprinted at a particular comoving wavelength 
throughout the universe, it can be used as a standard rule? . Measuring the angular and redshift­
space wavelengths of the acoustic peaks over a wide range of redshifts allows measurement of 
the history of the expansion rate H(zf. 

Because the acoustic peak wavelength is so long, the peak can be detected in the power 
spectrum and measured well, even with a low-completeness survey. The density field is sampled 
only where galaxies are detected, so there will be a shot noise contribution to the wavelength 
uncertainty1°. There will also be an unavoidable cosmic variance uncertainty, and these two 
contributions are equal at about 1000 galaxies per square degree (z = 1 .5,  �z = 0 .2) .  Assuming 
a Schecter mass function, this corresponds to a survey detection threshold at about M*11 , so 
only the brightest one percent of the luminosity function need be detected to reach the cosmic 
variance limit. 

The use of redshift surveys to constrain the expansion history has been studied by several 
authors1•8•10•12•13 . An all sky survey with sufficient sensitivity to detect M* galaxies at redshift 
1 . 5  is estimated to have about 5 % sensitivity to the equation of state of dark energy w = p/ p, 
and 10 % sensitivity to variation of w across the redshift range zero to one1·10•12•13. The purpose 
of this paper is not to review these estimates, but rather to introduce a survey program that, 
using off the shelf technology, at modest cost, can accomplish this important measurement . 

The survey telescope discussed here uses the 21 cm hyperfine emission of hydrogen, both 
for detection of galaxies and for measurement of their redshift. This allows the techniques and 
advantages of GHz-frequency radio astronomy to be applied. Recent advances in digital signal 
processing technology and in mobile telephone technology, combined with proven techniques of 
reflector engineering make the construction of this telescope much simpler than a few years ago. 

If galaxies did not evolve, and if a concordance model with w = -1 applies, the received 21 
cm flux from a galaxy at redshift 1 .5 would be about 2µJy (see the appendix) . But galaxies 
do evolve, and at z = 1 . 5  we are looking back to about half the current age of the universe. In 
spiral galaxies gas is turned into stars over time. At the current epoch the gas mass to stellar 
mass ratio is about 0 . 1 .  The gas supply is heavily depleted. The star formation rate at z = 1 .5 
is about ten times the rate today, indicating a higher gas mass fraction, but there is currently 
no good direct measurement of the neutral gas content at high redshift. We need a number to 
begin our design work, and assume a factor three more neutral gas at redshift 1 .5 .  

2 Survey Telescope 

To detf'ct the 21 cm flux from high redshift galaxies, across the entire sky, in less than a year 
of observation, requires a collecting area of several hundred thousand square kilometers. Such a 
telescope would be about a factor ten larger than any in existence today. Fortunately, the goal 
of the program is an all sky survey, so inexpensive fixed cylindrical reflectors can be used. The 
parameters of the telescope and survey are listed in Table 1 ,  and the design is described below. 

2.1 Suspended Mesh Cylindrical Reflectors. 

A flexible cable tied to a support at each end, held up against gravity by its own tension, will 
take on a catenary shape, cosh ax. This shape is very close to the parabolic shape that is 
needed to precisely focus radiation. The scheme discussed here uses two parallel horizontal rails 
as supports for square-cell welded wire mesh. Draping the mesh from rail to rail, with the mesh 
grid aligned to the rails, allows individual wires of the mesh to each follow parallel catenary 
curves. The mesh will naturally form a cylindrical, nearly-parabolic reflector. Backside stay 
cables can then be added to increase the tension in the mesh so it is stable under varying wind 

284 



1 
N 

D D D 
D D D  D 3 km D 

D D D D 
3 km 3 km 

Figure 1: Possible Telescope Layouts Left: Five long cylindrical reflectors are oriented north-south. For each 

cylinder a fan of thousands of simultaneous half-arc-minute (N-S) by one degree (E-W) beams is formed along the 

meridian. For each beam in the fan, interferometry in the east-west direction is used to achieve half-arcminute 
resolution. There is some wasted reflector area at the ends of the cylinders, and this layout minimizes that waste. 

Right: The same collecting area is distributed among 12 cylinders. This layout offers lower sidelobe response and 

better image quality. 
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Table l: Approximate Telescope and Survey Parameters. Presented are rough parameters, which will be 
refined using results of tests of prototype components, and results of simulated observations. 

Redshift Range 
Frequency Range 

Effective Area 
System Temperature 
Simultaneous Beams 

Instantaneous Bandwidth 
Redshift Resolution 
Angular Resolution 

Frequency Resolution 
Sky Coverage 

One Sigma Flux Sensitivity in one hour on target 

0 - 1 . 5  
1500 - 500 MHz 

400,000 m2 
75 K 
> 1000 

200 MHz 
3x10-5 

0.5 arcminute 
25 Khz 

2 7r steradians 
8 µ Jy 

loading. These stays can be adjusted to correct the shape to the desired parabolic cylinder. 
Orienting the support rails in the North South direction allows the parabolic cylinder to 

focus in the East-West direction while not focusing in the North-South direction. The line-focus 
of the cylinder can then be outfitted with a full-length set of small feed antennas that collect the 
radiation from the sky. These feeds are spaced at even intervals about one half wavelength apart. 
Diffraction defines the E-W angular width >./w. In the North-South direction the reflector does 
not focus and the pattern is approximately that of a dipole. So, each feed sees a stripe along 
the Meridian, the only difference from one to the next being the North-South displacement. If 
we assemble a signal that consists of the sum, with no phase difference, of all feed signals for a 
length l, we get a beam at the zenith with the N-S angular width � >./l. Using the same set 
of feed signals, a second beam at another North-South elevation angle can be simultaneously 
observed by taking a second sum, this time with a uniform phase shift from one feed to the next. 
In fact, a complete fan of narrow beams, spanning the entire meridian can be simultaneously 
created by taking a full set of sums, or alternatively, one can fourier transform the set of feed 
signals versus North-South displacement. The fast fourier transform calculation has asymptotic 
order n log n rather than order n2 for the summing solution, so for a long, evenly spaced set of 
feeds the FFT technique offers substantially lower computational cost. 

2. 2 Large Reflector History. 

Cylindrical reflectors became popular in radio astronomy beginning in the 1950s, because they 
offer large collecting area at low cost. However, a cylindrical reflector needs an array of quiet 
amplifiers to service its line feed. In the 1 980s, cryogenically cooled low noise amplifiers were 
developed for use in satellite downlink receivers. Using such amplifiers, reflectors curved in both 
dimensions (dishes) gained the advantage over cylinders. A dish needs only one quiet amplifier, 
and the quiet amplifiers were expensive. Now, low noise HEMT amplifiers, which operate at room 
temperature, are available for a few dollars each, and cylindrical layouts arc again economical. 
At the same time, computing speeds have advanced to the point that inexpensive PC computers 
can carry out FTT operations real-time, with bandwidths of hundreds of Megahertz. It is now 
reasonable to use a cylindrical reflector to observe over 1000 simultaneous beams. 

Mesh reflectors are common on radio telescopes for the GHz frequency range. Mesh with 
spacing 1 cm, when used at wavelengths longer than 20 cm, acts as a high efficiency reflector, 
one which allows wind to pass through. Also, infrared and optical sunlight are not significantly 
focused by the mesh, preventing solar-radiation damage to the feed system. GMRT15 ,  Ooty6, 
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Figure 2: Signal summing By summing the signals from several feeds, each digitized signal can service the 

optimal area of cylinder, with a cylinder width of tens, rather than 100 meters. 

Illinois17, and Molongla18 all use mesh reflectors. 
The Arecibo telescope uses multiple cables to support the zenith-pointed spherical dish14• 

The feed system moves to track objects. Objects can be tracked for a few hours, but must 
pass close to the zenith to be observed at all. North-South cylinders allow the entire sky to be 
observed, with no moving parts, however any particular object is available for only a short time 
each day. 

2.3 Survey Speed. 

The flux sensitivity of a radio telescope is fl.S � 2kTsys/ A ../2t:..tfl.v, where k is Boltzmann's 
constant, Tsys is the noise temperature of the system, A is the effective area of the telescope, t 
is the observing time, and t:..v is the frequency width of the line being observed. The survey will 
cover solid angle Osurvey , repeating this coverage each day. However, at any instant the telescope 
sees only a strip along the meridian of solid angle Ote!· The survey speed, the reciprocal of the 
time needed to reach the required flux limit is SP � b'}� .J2 [0,�;,,e ]A20te! · The factors in 
brackets are not easily adjustable, these values are set by t�e desired result and the amplifier 
noise temperature. The last two factors can be chosen for engineering or financial reasons. The 
telescope soild angle Otel , also known as the instantaneous field of view, is proportional to the 
number of signals being processed simultaneously. 

Cost optimization is straightforward for fixed cylinder telescopes, since the cylinder width 
can be adjusted. Survey speed is maximized when twice as much is spent on collecting area 
(steel) as is spent on signal processing (silicon) . Assuming cost coefficients $20 per square meter 
of collecting area and $500 per signal processor channel, each processed signal needs 50 square 
meters of collecting area. If we digitize and process the signal from every feed, with feeds spaced 
30 cm, the cylinder width would be 166 m. If it is found that maintaining the required surface 
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precision ( < 1 cm) across such a large span entails substantial additional cost, there is another 
alternative. One can use a stage of analog summing, shown schematically in Figure 2, before 
digitization. The width of the cylinder can then be reduced by increasing the number of feed 
signals summed before digitizing. Such a system is used on narrow cylinders like Ooty and 
Molonglo. Note that the cost to process a signal will come down substantially over the next few 
years, eventually eliminating the need for analog summing. 

2.4 No Galaxy Detection Threshold 
Rather than use a galaxy catalog, we will calculate sky-structure power spectra directly from 
the measured 21 cm flux. The use of a catalog, restricting the data set to high significance 
detections, throws away useful signal. Because neutral hydrogen is concentrated in galaxy-size 
clumps, it makes sense to pass the signal stream through filters that emphasize the spatial and 
spectral pattern of a galaxy, but the galaxies need not be cataloged. Our no-threshold approach 
is roughly equivalent to including in a catalog all galaxies with signal to noise greater than one, 
rather than the usual practice of including only 3 or 5 sigma detections. While we will not use 
a catalog to detect the acoustic peaks, we will still produce a catalog for use in other analyses. 

3 Conclusions 

Fixed cylindrical reflector technology can be used to build a low cost radio telescope capable of 
measuring redshifts of galaxies across the sky out to redshift 1 .5 . The use of FFT beam forming, 
which is a natural choice when using cylindrical reflectors, further reduces cost. Data from this 
survey can be used to detect and measure baryon acoustic oscillations, sharply constraining dark 
energy models. 
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Appendix: Sensitivity Calculations 

The emissivity of hydrogen is 

( 1 )  

where the transition frequency v12 = 1420 MHz, the Einstein coefficient A12 = 2.85 x 
10-15s-1 , NH is the total number of hydrogen atoms in the galaxy, N2 is the number of hydrogen 
atoms in the excited state, and ¢(v) is the line profile, which we treat as a delta function. 

Since hv12/k = 0.06K, even the CMB temperature is much higher than the transition energy, 
and the system is in the high temperature regime. The upper state is a triplet and the lower a 
singlet, so Nz/NH � 3/4. 

The monochromatic luminosity is i 3 MHI L,, = t:,,dO = -4 hvA12--¢(v) 
n mH (2) 

where MHr is the mass of neutral hydrogen, and mH is tha mass of the hydrogen atom. The 
monochromatic flux density is related to the monochromatic luminosity by 

1 
S,, = Lv(l+z) 411"(1 + z)3D�(z) (3) 
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Assuming a flat universe, the angular diameter distance 

and 

H(z) = H0 Om ( 1 + z)3 + 0Ae [3 J; '";��z) dz] 

Integrating both sides of equation 3 gives 

J 3 MHI 1 J S,,,dv = 4hA12 mH 4rr( l  + z)3Di(z) 
vcj;(v)dv 

and the received flux in the 21 cm line is 
3 MHI 1 SoosAV = 4hv12A12 ffiH 4rr(l + z)4Di(z) 

(4) 

(5) 

(6) 

(7) 

Using the low-redshift luminosity function of Zwann eta! 11 , MHI = M. = 1 .23 x 1040kg . 
Placing this galaxy at redshift 1 .5, and adopting t:..v = 0.568MHz, Om = 0.3, OA = 0.7 and 
w = -1  the observed flux would be 2.09µJy . 

The flux limit of a radio astronomy observation is 

Slim = 
2kTsys 

Aef f ../2t:..vt 
(8) 

where t is the integration time, Tsys = 75K is the system temperature and Aeff = 400, 000m2 
is the effective area. 

Using these values, and assuming that galaxies were three times more luminous at redshift 
1 .5  than they are today, the required on-target integration time for signal to noise ratio one is 
about 6000 seconds. If the telescope sees a strip along the meridian of width 0.2 degree, it would 
take � 130 days to detect all M. galaxies on the sky at redshift 1 .5. 
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Spectal Matching Independent Component Analysis, a method of blind component 
separation for observations of the Cosmic Microwave Backgound polarization. 

J.  F. Taylor, M. A. J. Ashdown, M. P. Hobson 
Cavendish Laboratory, JJ Thomson Avenue, Cambridge CB3 OHE. 

The process of component separation is expected to be especially problematic for measure­
ments of the polarisation of the CMB, as knowledge of the polarised foregrounds is limited. 
Spectral Matching Independent Component Analysis (SMICA) 1 is a (semi)-blind method that 
requires little or no a priori knowledge of the properties of the foregrounds. It has already 
proved useful for temperature only observations and has recently been extended to polari­
sation observations 2 • We demonstrate the method's performance on simulated observations 
with varying degrees of realism, necessitating the handling of instrument beams and the effects 
of incomplete sky coverage. 

1 Approach 

We model a multi-channel nv observation of the microwave emission as a noisy linear mixture 
of nc Gaussian random fields. The observations are most naturally described in the spherical 
harmonic basis. 

x x x  z dim = B1A s1m + n1m 
where X is T, E or B, d and s are nv and nc dimensional vectors respectively. B describes the 
instrument beam. 

SMICA consists of maximizing the likelihood of the data given the parameters of the model. 
The model implies covariance matrices of the form 

and as we assume that the noise between channels and the signal from different components are 
uncorrelated, we obtain diagonal noise- and block diagonal signal-, covariance matrices. If we 

- XY construct a complimentary set of auto and cross power spectra from observations, 01 , then 
the logarithm of the likelihood takes the form, 

[, = -� L(2l + 1) (trace ( D�y o�Y -l) + log det (D{Y)) 
l 

We maximise the likelihood using a combination of EM3 and a conjugate gradient technique 
4• We are able to select the number of components that best represent the data by use of the 
Bayesian evidence, e.g. 5 . The evidence takes into consideration the balance between achieving 
a good fit to the data and the desirability of a simpler model with fewer parameters. This is 
particularly useful for the detection of unforseen contaminants to the data. 
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2 Results 

We demonstrate the method on simulated observations which include Planck beams and white 
noise with Planck nominal RMS values. The tests are performed at Nside = 128. The fore­
grounds considered are emission from dust and galactic synchrotron. 

2. 1 Test one 

Foregrounds are random Gaussian fields with power spectra extracted from the templates of 
the Planck reference sky model and an isotropic mixing matrix, Fig. l .  All the components 
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Figure 1 :  Recovered dust TT, EE and BB power spectrum from test one. Solid lines are the input power spectra, 
points are parameters recovered by SMICA. 

are recovered well and the evidence correctly identifies a three component model as being most 
appropriate. 

2.2 Test two 

Foregrounds are based on the Planck reference sky with but with fixed emission laws across the 
sky. The components are recovered well despite the necessity of introducing a galactic cut. The 
evidence correctly identifies the appropriate number of components to fit . Applying SMICA on 
the incomplete sky results in mixing between the aims and between polarizations. An attempt 
is made to correct some of the mode-to-mode coupling by using SMICA as a way to compute 
pseudo-C1s 6 but this is far from a complete solution. 

2.3 Test three 

Foregrounds are based on the Planck reference sky including varying spectral indices, Fig. 2. 
The foregrounds now violate our simple model of the observation, Eq. 1 which requires that the 
components have the same emission law across the sky. A galactic cut is required to remove 
the areas of highest foreground contanimation. We do not recover the foregrounds well but the 

' ,  " 

Figure 2: CMB TT, EE and TE power spectrum from test three.Solid lines are the input power spectra, points 
are parameters recovered by SMICA. 

CMB power spectrum is still determined with increased error bars. The evidence now prefers a 
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model with more components than input. 

3 Conclusions 

SMICA is an effective method for the extraction of the CMB power spectrum even when the 
foregrounds deviate from our simple model. Model selection by the Bayesian evidence gives us 
a useful tool for component detection and discovery. 
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STATUS OF THE DARK MATTER SEARCH PROJECT "ULTIMA" 
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CRTBT-CNRS, 25 av. des Martyrs, 38042, Grenoble, France 

The new project "Ultra Low Temperature Instruments for Measurements in Astrophysics" 
(ULTIMA) is based on a new target material for bolometric particle detection: superfluid 
3He-B at ultra-low temperatures, of the order of 100 µK. At these temperatures the quan­
tum excitations in 3He are nearly frozen and the heat capacity exponentially vanishes. The 
advantages of a 3He based detector are the direct channels of temperature and ionization 
measurements, 303 concentration of unpaired neutrons, as well as the virtually absolute 3He 
purity and giant neutron cross section. 

1 Introduction 

Superfluid 3He-B at ultra-low temperatures was suggested by G. R. Pickett in 1988 1 as an 
appealing target material for bolometric particle detection. The first application of superfluid 
3He as a detector was published in 1995 under the title "Potential dark matter detector . . . " 2 . 
From that time we considered superfluid 3He as one of the most promising materials for the 
search for non-baryonic Dark Matter. The main arguments in favor of 3He are first of all its 
working temperature of about 100 µK, at which thermal fluctuations are extremely small. As 
a result an extremely high sensitivity of the superfluid 3He bolometer can be achieved 3•4 . It is 
important also that 3He has a non-zero nuclear magnetic moment (allowing therefore to explore 
the Spin-Dependent interaction channel) with a high density of non-paired neutrons (33%) .  

3He is a quantum fluid obeying Fermi statistics, and it remains liquid down to the the 
absolute zero of temperature. At about 1 mK (depending on the pressure) ,  liquid 3He displays a 
second order phase transition to its superfluid A- and B-phases. The superfluid A phase has an 
anisotropic gap structure and an order parameter mixing magnetic and flow properties, while 
the B phase is characterized by an isotropic gap fl. =  1.76 ksTc well described at 0 pressure by 
the weak coupling BCS theory 5 .  Experimental temperatures as low as 100 µK are achieved by 
adiabatic nuclear demagnetization of a copper stage, which then cools down the liquid 3He 6 .  
At these temperatures far below the transition temperature Tc, the superfluid is i n  its isotropic 
B-phase and the density of thermal excitations (quasiparticles) n decreases exponentially with 
temperature 

J NA � n = g(E)dE = -yy2n y;:;;r exp( -li./ksT) , ( 1 )  

where g(E) is the density of states, NA is Avogadro's number and V the molar volume of the 
fluid. This density is so low that the liquid can be represented as a renormalized quantum 
vacuum carrying a dilute quasiparticle gas. In the range of 100 to 200 µK, the heat capacity of 
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the superfluid is dominated by the ballistic quasiparticle gas and reduces to (T. ) 3/2 
C = Co ;. exp(-t:./ksT), (2) 

with Co � 2.1 mJ K-1cm-3 . 
A direct and rather rapid method of thermometry of the superfluid is achieved by measuring 

the density of thermal excitations (quasi particles) using Vibrating Wire Resonators (VWRs) 7. A 
VWR is a fine superconducting wire bent into semi-circular shape and oscillating perpendicularly 
to its plane. The excitation and the read-out of the VWR are respectively an a.c. current and 
voltage. 

2 Achievements 

For the bolometric particle detection we use copper cells of typical dimensions of about 5 mm, 
filled with superfluid 3He which is in weak thermal contact with the outer bath through a small 
orifice 2•3 . The interaction of a particle with the 3He in the cell releases energy which results in 
an increase of temperature, and thus n. The time constants of internal equilibrium of the quasi­
particle gas are small ( < 1 ms) , while the time constant for thermal relaxation of quasiparticles 
through the orifice after a heating event is tuned to be Teel! � 5 s. The heat leak through the 
container walls can be neglected because of the huge thermal resistance (Kapitza resistance) of 
the solid-liquid interfaces at very low temperatures. Each bolometric cell contains at least one 
VWR-thermometer which allows to follow the rapid variations of the temperature. 

Neutrons were the first particles studied in superfluid 3He for their large energy release after 
the capture reaction 2. Of particular interest was the study of the rapid and inhomogeneous phase 
transition of a small region around the neutron impact, because of the possibility of topological 
defects creation in the superfluid in analogy with the Kibble mechanism in cosmology 3,4 • The 
neutrons, emitted by a moderated AmBe source, produce large signals in the bolometer. A 
deficit of about 120 keV with respect to the expected 764 keV is observed; part of this deficit 
is accounted for by ultra-violet (UV} scintillation of the 3He, the rest is interpreted in terms of 
energy trapped in the form of metastable topological defects of the superfluid ( e. g. quantized 
vortices) .  

Cosmic muons are expected to  deposit about 16 keV /mm in  liquid 3He at 0 bar. Muons 
represent thus bolometric events about an order of magnitude below neutrons. A muon test of 
the detector and its comparison to a numerical simulation by Geant4 in the frame of the MACHe3 
collaboration yielded good agreement, the 20-25 3 difference between the experimental and the 
calculated detection spectra being due to ultra-violet scintillation 8 . 

Final evidence for the muonic nature of the observed energy peak at about 50�60 ke V at 
ground level was brought by the recent experiment with a 3-cell prototype. The simultaneous 
detection in 3 adjacent cells allowed to discriminate with large efficiency the muons, who are, 
depending on their trajectory, generally detected coincidently in two or more cells. This setup 
therefore allowed to demonstrate the large muon rejection efficiency of a future underground 
multicell detector. Since the energy range of a neutralino scattering is expected to be in the ke V 
range, the proof that a 1 keV detection resolution and threshold could be attained had to be 
brought using a known particle source. A low activity 57 Co source was therefore implemented 
directly in one cell. Such a source emits ')'-rays mainly at about 120 keV, which have a weak 
Compton scattering cross-section with the 3He, but also low energy electrons (from internal 
conversion and the Auger effect) which thermalize completely in the liquid of the cell. Such 
low energy electron events are expected mainly at about 7 and 14 keV, and only in one cell 8 •9. 
Measurements on the 3-cell prototype indeed allowed to identify such bolometric events, again 
an order of magnitude below typical muons. The low energy detection spectrum from the cell 
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with source and its comparison to another cell (without source) allows to clearly identify these 
events as produced by the 57 Co source. 

Bolometric calibration of the detector cells is achieved by an extra VWR present in the 
cell that can produce a short mechanical pulse at its resonant frequency and thus deposit a 
well-controlled amount of energy (heat) to the liquid through mechanical friction 4 .  The results 
of the calibration are compared to measured heat depositions by the nuclear neutron capture 
reactions as well as muon impacts and low energy electron irradiation. A deficit of about 15 3 

is found in the case of neutrons, in good agreement with previous measurements at 0 bar 3 . In 
the case of high energy muons, as well as electrons in the 10 ke V range, a deficit of about 25 3 

is found which can be entirely attributed to UV scintillation emission. It is not surprising to 
find the scintillation rates resulting from these two types of irradiation to be of the same order 
since the much larger incident energy of cosmic muons is compensated by their larger mass. 

3 Recent development 

Recently quartz forks have been tested as 3He thermometers 10 . To be applied to our experi­
mental cell, the quartz oscillators signal to noise ratio should be improved by about one order of 
magnitude. We are working now on the design of quartz forks adapted for bolometric conditions. 
Another new development is the use of Silicon structures as vibrating sensors 11 .  We are also 
developing these devices for bolometric applications. 

Parallel methods of discrimination of ionizing events are in study. The fraction of energy 
released by a particle going into the ionization of 3He can provide a fine criterium of discrimina­
tion. Ion dynamics in 3He have been studied for a long time already, for positive ions as well as 
for negative 3He ions. Ions create a ball of solid 3He with a mass of about 100 atoms due to the 
van der Waals interaction. The main problem is the small velocity of ions in an applied electric 
field, which can move without friction only with a velocity below a critical one, which is of the 
order of 10 cm/s. Consequently, the time constant of the ionization channel in 3He is of the 
order of seconds. However there is a possibility to create an ion amplification for thermal signal. 
At a high electric field the accelerated ions deposit more thermal energy to the 3He liquid, than 
is deposited by the scattering of particles. An amplification by a factor of 10 is possible for our 
experimental conditions. 

Last year we have studied carefully the heat capacity of superflid 3He at different pressures, 
magnetic fields and temperatures. Some unexpected phenomena have been found and will be 
published in condensed matter journals. 

Finally, we are working on the design of a new nuclear demagnetization cryostat for un­
derground environment. In which particular underground laboratory this experiment will be 
conducted is still open. 

4 Axial interaction with 3He 

In the non-relativistic limit, which is appropriate for WIMPs in our Galaxy, the variety of 
possible forms of WIMP-nucleus interactions is reduced to two cases, namely, to a spin-spin 
interaction and to a scalar one. The fundamental constants of the WIMP interaction with 
nucleon constituents, specified by each concrete particle model, determine the effective coupling 
of WIMPs to nucleons, which, in turn, define constants of the WIMP-nucleus interaction (for a 
more detailed review see 12 ) . The essential difference between spin-spin and scalar interactions 
is in the following. In the scalar case, the WIMP-nucleus interaction amplitude (Ax A) is given 
by the WIMP-nucleon (Axp,n) one, multiplied by the number of respective nucleons, while in 
the spin-spin case Ax A is proportional to the nucleon spin averaged over the nucleus state Sp,n, 
which for heavy non-zero spin nuclei is, as a rule, even smaller than that for a single nucleon 
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(Sp = Sn =  1/2) . It leads to a loss of advantage in using heavy target-nuclei in the exploration of 
WIMPs with spin dependent interaction. The 3He nucleus having a non-zero magnetic moment 
and a huge density of non-paired neutrons (333) ,  a 3He detector will be mainly sensitive to the 
axial interaction 13, 14, making this device complementary to existing ones, mainly sensitive to 
the scalar interaction. The axial interaction is largely dominant in most of the SUSY region 
associated with a substantial elastic cross-section. 

5 Conclusion 

While the use of 3He imposes challenging technological - namely cryogenical - constraints, this 
material has nevertheless extremely appealing features for Dark Matter detection. Since the 
original proposal of the use of 3He for particle detection, the detection threshold and sensitivity 
have been improved by 2 orders of magnitude, reaching nowadays 1 keV, which covers already 
most of the expected energy range for a neutralino impact. The use of a 57 Co source producing 
a well known 7-ray and low energy electron spectrum directly in one bolometric cell allowed 
to illustrate both our understanding of the detector at keV level and the high transparency 
of the target material to 7-rays. In addition, the simultaneous detection in 3 adjacent cells 
demonstrated the future rejection efficiency versus ionizing events of a large multicell detector. 

On the basis of the last several years of investigations on superfluid 3He, the new direct Dark 
Matter search project "Ultra Low Temperature Instruments for Measurements in Astrophysics" 
(ULTIMA) has started in December 2005 at the CRTBT-CNRS, Grenoble. We are thankful to 
the French National Research Funding Agency ANR for financial support of the new project. 
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INDIRECT DARK MATTER SEARCH WITH AMS-02 
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The Alpha Magnetic Spectrometer (AMS), to be installed on the International Space Station, 
will provide data on cosmic radiations in the energy range from 0.5 GeV to 3 TeV. The main 
physics goals are the anti-matter and the dark matter searches. Observations and cosmology 
indicate that the Universe may include a large amount of unknown Dark Matter. It should 
be composed of non baryonic Weakly Interacting Massive Particles (WIMP): In R-parity 
conserying models a good WIMP candidate is the lightest SUSY particle. AMS offers a unique 
opportunity to study simultaneously SUSY dark matter in three decay channels resulting from 
the neutralino annihilation: e+, antiproton and gamma. Either in the SUSY frame and in 
alternative scenarios (like extra-dimensions) the expected flux sensitivities a.s a function of 
energy in 3 year exposure for the e+ /e- ratio, gamma and antiproton yields are presented. 

1 The search for dark matter 

The evidence for dark matter existence has become more and more robust in the recent years: 
several independent indications were provided by rotation curves and mass to light ratios of 
galaxies, by X rays emissions from clusters and by gravitational lensing. The very recent results 
from the WMAP collaboration 1 confirm that baryon matter density (!lb = 0.0223�8:888� ) is 
largely insufficient to saturate the tota1 matter density (nm = o.12r:i:8:8?D. 

The known non baryonic dark matter candidates, such as massive neutrinos or massive 
black holes, don't reach the required dark matter density. Other, still undiscovered, possible 
candidates are the axions and the weakly interacting particles (WIMPs) . These latest include 
as most favourites the neutralino, the lightest supersymmetric particle (LSP) 2, and the lightest 
Kaluza-Klein particle (LKP) of certain extra-dimensions models 3.  

The search for WIMPs can be performed either directly or indirectly. Direct obervations look 
for the nuclear recoils in the elastic scattering on nuclei 4. Indirect searches look for anomalies in 
the expected spectra of primary cosmic rays due to the annihilation of dark matter candidates. 

Hints for anomalies in the positron and photon spectra around 10 GeV have been observed 
by the HEAT 5 and EGRET 6 collaborations, respectively. 

The AMS02 experiment can confirm or disprove these hints by measuring simultaneously 
the spectra of positrons, photons and antiprotons. Together with the search for dark matter, 
the main goals of the experiment will be the search for antimatter and a precise measurement of 
cosmic ray fluxes in the energy range between 0.5 GeV and 3 TeV, including nuclei up to Z=26 
and gamma rays. 
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Figure 1 :  a) The AMS-02 experiment layout. b) Example of the statistical accuracy on positron fraction mea­
surement in 3 years in case of neutralino annihilation (mx=238 GeV, boost factor =166). 

2 The AMS experiment 

The Alpha Magnetic Spectrometer (AMS) a is a cosmic ray detector which will operate on the 
International Space Station (ISS) for at least three years. AMS will be ready for launch in 2008. 

The experimental layout (fig. la) consists of a Transition Radiation Detector (TRD) 8 , a 
Time of Flight (TOF} 9, a Silicon tracker (TRA CKER} IO , a Ring Imaging Cherenkov (RICH} 
11 , an Electromagnetic Calorimeter (ECAL) 12 , an Anti- Coincidence Counter (ACC) and a Star 
Tracker. A large superconducting magnet, the first operating on Space, will provide a bending 
power of BL2 = 0.85 Tm2 . 

3 Dark Matter signal in e+ spectrum 

The measurement of positron spectrum requires all the AMS subdetectors: a rejection factor of 
102 -;- 103 on protons is obtained by TRD for proton energies up to 300 GeV b; the time measure­
ments by TOF and the track curvature by TRACKER permit the charge sign determination, so 
rejecting electrons up to 2 TeV; the Z measurement by TOF, TRACKER and RlCH make the 
He background negligible; the velocity (/3) measurement by RICH allows the rejection of protons 
up to 10 GeV; the energy deposit profile inside ECAL ensures a lepton/proton rejection factor 
of � 103 ; finally, the matching between TRACKER momentum and ECAL energy furtherly 
suppresses the hadronic component. 

Combining all these informations together a global rejection factor of 105 for p and 104 for 
e- is achieved. The mean acceptance for positrons in the energy range form 3 to 300 GeV is 
0.045 m2sr, with a proton contamination of � 4% 14 . 

Fig. lb shows an example of positron fractionc measured by AMS if the excess on the HEAT 
data were due to the annihilation of 238 Ge V neutralinos: a signal boost factor d of � 100 has 
been used to fit the HEAT data 1 5 .  Significantly lower boost factors are required if the anomaly 
is due to LKPs with masses of few hundreds Ge V 16 • 

0 A precursor flight (AMS-01) succesfully flew for 10 days in June 1998 on the Space Shuttle Discovery 7 •  
bN o transition radiation is  expected for relativistic factors "I < 103. 
cThis ratio is preferred to the simple spectrum since less dependent on cosmic ray propagation. 
dThese boost factors can be explained assuming a clumpy dark matter halo. 
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Figure 2: a) Statistical accuracy in photon spectrum with 1 year data taking supposing a 208 GeV neutralino 
annihilation. b) Expected precision on the antiproton spectrum measurement by AMS in 3 years. 

4 Dark Matter signal in I spectrum 

In AMS photons are detected using two complementary techniques: photon conversions in e+e­
pairs that can be detected by the TRACKER and direct photon measurements in ECAL. 

The conversion mode ensures an excellent photon angle resolution (0.02° at 100 GeV), a 
good energy resolution (3% up to 20 GeV, 6% at 100 GeV) , a good acceptance (0.06 sr m2 
at 100 GeV) and a large field of view (� 43°) .  The background is mainly due to 6 rays and 
can be strongly reduced (rejection factor � 105 ) vetoing with the TRD and cutting on the pair 
invariant mass. 

The measurement with ECAL has an angular resolution of 1° at 100 GeV, an excellent 
energy resolution (3% at 100 GeV) , a large acceptance at high energies (� 0 .1  sr m2 above 100 
GeV) but a reduced field of view of � 23°. The main background is due to 7r0s produced by 
proton interactions in the material surrounding ECAL. A rejection factor of � 5 · 106 on protons 
is obtained analyzing the cascade profile in ECAL and vetoing on charged particles 17 .  

In 3 years the exposure to the galactic center e will amount t o  40 days for the conversion 
mode and to 15 days for the direct photon mode; the integrated acceptance will be practically 
the same for the two methods: � 1 .5 · 105 m2s. 

In the case of a photon spectrum anomaly due a 208 GeV neutralino annihilation fitting the 
EGRET data, the statistical evidence obtainable by AMS in 1 year of direct photon detection 
is shown in fig. 2a l 8 .  

In absence of any anomaly in the spectrum a large part of SUSY and Kaluza-Klein model 
parameter space could be excluded, in particular in the case of a cuspy halo profile 19 •  

5 Dark Matter signal in p spectrum 

In AMS the antiprotons will be detected as negative single charged tracks reconstructed by 
TRD and TRACKER. The acceptance for this signal is � 0.16 sr m2 between 1 and 16 GeV 
and � 0.033 sr m2 between 16 and 300 GeV 20 . Misreconstructed proton interactions and 
unrecognized electrons are the main background sources: the rejection factors are better than 
106 against protons and 103 + 104 against electrons. 

•This quantity is not important for positrons or antiprotons since they suffer large energy losses and scatterings 
so that they lose memory of their initial direction. 
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Fig. 2b shows the expected profile after 3 years together with the existing measurements of 
the antiproton flux: the dot dimensions correspond to the statistical error. The low energy part 
of the spectrum is consistent with the secondary production by interaction of primary cosmic 
radiation with the interstellar medium. The most interesting region is the one between 10 and 
300 GeV where, supposing that large boost factors (� 103) enhance the process, a dark matter 
annihilation could be revealed 2 1 . 

6 Conclusions 

In three years of data taking the AMS experiment will be able to measure with unprecedented 
accuracy the rates and spectra of positrons, photons amd antiprotons in the GeV-TeV range, 
looking for an excess of events consistent with a dark matter annihilation signal. Several models 
for dark matter candidates will be constrained by the new AMS data. 

The simultaneous measurements of other fundamental quantities, such as the proton and 
electron spectra and the B/C ratio, will help to refine the astrophysical predictions enhancing 
the compelling evidence for a dark matter signal. 
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Cosmic ray physics in calculations of cosmological structure formation 
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Non-equilibrium processes like shock waves and turbulence can generate and energise magnetic 
fields and cosmic rays ( CRs) in the interstellar medium of galaxies and in the intragalactic gas. 
Cosmic rays in particular play a decisive role within our own Galaxy. To study the impact of 
CRs on galaxy formation and evolution, we develop an approximative framework for treating 
dynamical and radiative effects of CRs in cosmological simulations. Our guiding principle is 
to try to find a balance between capturing as many physical properties of CR populations as 
possible while at the same time requiring as little extra computational resources as possible. 
The processes considered include compression and rarefaction, CR injection via shocks in 
supernova remnants, injection in structure formation shock waves, in-situ re-acceleration of 
CRs, CR spatial diffusion, CR energy losses due to Coulomb interactions, ionisation losses, 
Bremsstrahlung losses, and, finally, hadronic interactions with the background gas. We present 
an implementation of the formalism in the Lagrangian simulation code GADGET-2. Using a 
number of test problems, we show that our scheme is numerically robust and efficient, allowing 
us to carry out cosmological structure formation simulations that account for cosmic ray 
physics. In simulations of isolated galaxies, we find that cosmic rays can significantly aJfect 
the star formation efficiencies of small galaxies, an effect that becomes progressively stronger 
towards low mass scales. In cosmological simulations of the formation of dwarf galaxies at 
high redshift, we find that both the mass-to-light ratio and the faint-end of the luminosity 
function are strongly affected, as required to reconcile the faint-end slope of the observed 
galaxy luminosity function with the halo mass function of the LCDM cosmology. 

1 Motivation 

The interstellar medium (ISM) of galaxies has an energy budget composed both of thermal and 
non-thermal components. The non-thermal components which are magnetic fields and cosmic 
rays (CRs) are known to contribute a significant part of the energy and pressure to the ISM. 
Magnetic fields couple the otherwise dynamically independent ingredients like the ISM plasma, 
and the CR gas into a single, however complex fluid. 

CRs behave quite differently compared to the thermal gas. Their equation of state is softer, 
they are able to propagate over macroscopic distances, and their energy loss time-scales are 
typically larger than the thermal ones. Furthermore, roughly half of the particle's energy losses 
are due to Coulomb and ionisation interactions and thereby heat the thermal gas. Therefore, 
CR populations are an important galactic reservoir for energy from supernova explosions, and 
thereby help to maintain dynamical feedback of star formation for periods longer than thermal 
gas physics alone would permit. In a galactic context, an important CR loss mechanism is escape 
from the galaxy by diffusion and (evt. CR driven) galactic winds. The spectral distribution of 
CRs is much broader than that of thermal populations (see Fig. 1 ) ,  which has to be taken into 
account in estimating their dynamical properties. 
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Figure 1: Left: power-law momentum spectrum and its basic variables C and q; Right: kinetic energy per 
logarithmic momentum interval of thermal and CR energy spectra for various temperatures and spectral indices 
o but with the same pressure. The dynamical important part of CR spectral distributions in momentum space 
easily encompasses a few orders of magnitude, whereas thermal distributions appear nearly mono-energetic on 

logarithmic scales. The thick lines correspond to a possible situation in the ISM. 

Numerical simulations and semi-analytical models of galaxy and large-scale structure forma­
tion neglected the effects of CRs and magnetic fields so far, despite their dynamical importance. 
An accurate description of CRs should follow the evolution of the spectral energy distribution of 
CRs as a function of time and space, and keep track of their dynamical, non-linear coupling with 
the hydrodynamics. In order to allow the inclusion of CRs and their effects into numerical sim­
ulations and semi-analytic descriptions of galaxy formation, we present a simplified description 
of the CR dynamics and physics. We seek a compromise between two opposite requirements, 
namely: (i) to capture as many physical properties and peculiarities of CR populations as pos­
sible, and (ii) to require as little extra computational resources as possible. In our model, the 
emphasis is given to the dynamical impact of CRs on hydrodynamics, and not on an accurate 
spectral representation of the CRs. The guiding principles are energy, pressure, and particle 
number conservations, as well as adiabatic invariants. Non-adiabatic processes will be mapped 
onto modifications of these principles. 

The CR description and implementation into the GADGET-2 code (Springel 2005) presented 
in this article was introduced in three papers: Enl3lin, P frommer, Springel, Jubelgas (2006) in­
troduced the basic description and the dynamical equations for the simplified CR gas. Jubelgas, 
Springel, Enl3lin, P frommer (2006) present the implementation details, the code tests and first 
application. P frommer, Springel, Enl3lin, Jubelgas (2006) build a smoothed-particle hydrody­
namics shock wave tracer, needed for the CR injection. Here, we concentrate on the first two 
papers. Pfrommer et al. (2006) is presented in a parallel article. 

2 Formalism for simplifying cosmic ray physics 

We introduce the dimensionless proton momentum p = Pµ/mp c and write the CR spectra as 

f (p) = d:�v = c P-cr. O(p - q) · (1) 

The normalisation C and the spectral cutoff q (see Fig. 1) can be easily followed through 
adiabatic changes if one introduces adiabatic invariant variables Co and qo defined for some 
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reference gas density po: 

(
p
p
o) ! 

q(p) = qo, 
!tl1 

C(p). = (;J 3 Co . (2) 

C C q1-a Cm c2 ( 2 3 ) The R number density nca = pressure I',;:R = =-=- B 1 g_=._ ....::.f!< and other et-1 , 6 !+;2" 2 , 2 , 
variables can easily be expressed in terms of C and q. 

Non-adiabatic processes are described by their effects ort'spectral normalisation C and cutoff 
q (or Co and qo) following energy and particle number conservation. We implemented the 
following CR processes into the GADGET-2 smooth particle hydrodynamics code: a) CR pressure 
on hydrodynamics, b) CR injection by supernova (sub-grid) , c) CR injection in shock waves , d) 
CR spatial diffusion, e) CouloiJib & ionisation losses, and f) hadronic interactions. Mathematical 
details can be found in EnBlin et al. (2006) and a description of the implementaion and its tests 
can be found in Jublegas et al. (2006) .  

3 CR modified galaxy formation 

We have performed simulations of forming galaxies of different masses, with and without CR 
physics. Fig. 2 presents the result of our simulation runs. The morphology and star formation 
rate of small mass galaxies is strongly affected by the presence of CRs, whereas massive galaxies 
appear to be relatively unmodified. The suppression of star formation by CRs in small galaxies 
is an attractive explanation of the observed low faint end of the luminosity function of galaxies. 
This suppression, and also the oscilations in the star formation rate are a result of an inverted 
effective equation of state of a CR gas energised by supernovae (see Jubelgas et al. (2006) for 
details) . 

4 Conclusions 

We have argued that cosmic rays are an active agent of galaxies and the large scale structure. 
In order to permit studies of cosmic rays we developed and presented new self-consistent CR 
simulations in cosmological setting using the GADGET-2 code. These include adiabatic and non­
adiabatic cosmic ray processes. We find that star formation is strongly CR-suppressed in small 
galaxies. This is a result of the inverted effective equation of state of CRs in the ISM (less energy 
at higher pressure) and leads to a suppression of the faint end of the galaxy luminosity function 
and thereby help to reconcile observations with computational models of galaxy formation. A 
number of future studies enclosing CR in cosmological structure formation are underway. 
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Figure 2: Simulation of isolated galaxies with different masses (different columns). The top row shows the gas 
distribution of galaxies without CRs. The second row shows the same with CRs included. The contour lines 
indicate the relative level of CR pressure support. Massive galaxies are mostly unaffected by CRs, whereas small 
galaxies exhibit a puffed-up gas distribution, and a strongly reduced stellar surface brightness profiles (third row). 
Finally, the star formation histories of galaxies for different levels of CR injection efficiencies are shown in the last 

row. 
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We need lab experiments to look for axion-like particles 
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1 Deutsches Elektronen Synchrntron, Notkestmsse 85, 22607 Hamburg, Germany 

2 Grup de Fisica Teorica and Institut de Fisica d 'Altes Energies Universitat A utonoma de Barcelona 
08193 Bellaterm, Barcelona, Spain 

The PVLAS signal has renewed the interest in light bosons coupled to the electromagnetic 
field. However, astrophysical bounds coming from the lifetime of the sun and the CAST 
experiment are seemingly in conflict with this resnlt. \Ve discuss effective models that allow 
to supress production of axion-like particles in the sun and thereby relax the bounds by some 
orders of magnitude. This stresses the importance of laboratory searches. 

1 Introduction 

Recently the PVLAS collaboration has reported a rotation of the polarization plane of an orig­
inally linearly polarized laser beam propagating through a magnetic field 1 . This signal could 
be explained by the existence of a light neutral spin zero boson with a coupling to two photons, 
e.g. a pseudoscalar ¢, 

( 1 )  

with 
(2) 

The favorite candidate for such a light and neutral particle is the axion, the pseudo-Goldstone 
boson of the Peccei-Quinn symmetry that was proposed to explain the so called strong CP 
problent'3'4. However, the PVLAS measurements are not compatible with the expectations for 
a standard axion, for which one has a relation that essentially determines mq,g¢ 1 in terms of 
QCD quantities. All natural axion models are located in the green vertically shaded strip in Fig. 
1. As we can see from the same figure, the PVLAS result is far outside this region. Hence, it is 
probably not an axion. We will call it an axion like particle (ALP) due to its similar properties. 

The troubling point of the particle interpretation of the PVLAS data is that the action ( 1 )  
with parameters ( 2 )  already i s  in conflict with observations. Astrophysical considerations based 
on the production of ¢'s from photons via the coupling g¢F P in Eq. ( 1 )  actually give the strong 
bounds depicted in Fig. 1 .  We will briefly review these bounds in Sect. 2. 

The motivation for our work' is the quest.ion: Can we resolve the conflict between the 
astrophysical bounds and the particle interpretation of PVLAS' and how can this be tested? We 
attack the first part of this question in Sect. 3 .  In our final Sect. 4 we argue that Laboratory 

"This note is based on a talk given at the by .J. Jaeckel at the " Rencontres des :V!oriond: Contents and 
structures of the universe" in La Thuile, Italy in March 2006. For more details see 5 .  

' For other attempts i n  this direction see 6 •  7 .  
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Figure 1: Various bounds on the coupling 9 and mass m¢ of a (light) boson coupled to two photons (areas above 
single lines are excluded).  The green vertically shaded strip gives the range of all reasonable axion models. The 
two lines within its boundaries give a typical KSVZ and DFSZ model. The green and red diagonally shaded areas 
give the additional area allowed when we suppress the production of ALP's in the sun (the green smaller one is 
a little bit more conservative) .  

experiment are the prime tool to give a conclusive answer if the particle interpretation of PVLAS 
is invalid or if astrophysical bounds are evaded and PVLAS has detected signals of new exciting 
physics. 
2 Astrophysical bounds revisited 

The basic problem of the particle interpretation of the PVLAS data is that it is in conflict with 
astrophysical bounds. For a better understanding of the problem let us briefly review these 
bounds. 
2.1 Energy loss of stars 

The simplest bound comes from the energy loss argument. If any weakly interacting particle is 
produced in a star and escapes, it takes a certain amount of energy with it, thus contributing 
to the stellar luminosity. The amount of energy in exotic particles can contribute to shorten the 
duration of the different phases of stellar evolution, which can be observed (for a review see 8) . 

Here, we focus on the sun, for which we have a solid standard solar model from which we 
can accurately calculate emission of ALPs. 

The lifetime of the sun is known to be around 10 billion years from radiological studies of 
radioactive isotopes in the solar system (see 9 ) .  Solar models reproduce this quantity (among 
others, like today's solar luminosity, solar radius) .  From this one concludes that the exotic 
contribution to the luminosity cannot exceed the standard solar luminosity in photons. For our 
purposes this means 

LALP < L0 = 3.8 x 1026 W � 1 .6 1030 eV2 . (3) 

We compute the ALP emission in the standard solar model BP2000 10 using Eq. (1) and no 
further assumptions. We obtain a slightly bigger value than that of 1 1 , where the calculation 
was done using an older solar model. 

(4) 

where g1o = g 1010 GeV. Together with Eq. (3) this gives a bound on the coupling. A somewhat 
strengthened bound including data from so called horizontal brach (HB) stars is shown in Fig. 1 .  

Another bound comes from the CAST experiment12 .  The CAST experiment tries to detect 
the axion flux (4) by reconverting the axions in the strong magnetic field generated by an LHC 
test magnet. The rate of photons in the detector is 

(5) 

So far no significant photon flux has been measured. The resulting bound is depicted in Fig. L 
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Ro/R0 Po/(g cm ·3)  To/eV S(Ro) 
0 150 1200 1 

0 .79 0 . 1  120 10 -q 
0.97 0.003 12 10-:w 

Table 1: Several values for suppression factors. 

3 Evading astrophysical bounds 

Our strategy to evade the astrophysical bounds is rather simplistic. In the center of the sun 
where most ALPs are produced the environment is different from the environment of the PVLAS 
experiment. If the parameters m<P and M¢ depend on the environment 

m<P ----+ m¢(environment) ,  M<P ----+ M¢(environment) ,  (6) 

in a suitable way the production of the cf; particles inside the sun is strongly suppressed. In 
particular, we consider the following: 

1. The density p inside the sun is quite high. 

2 .  Inside the sun the temperature T is high. 

3. The average momentum transfer (q) in the Primakoff processes generating the ALP's is 
high. 

We will not try to construct micro physical explanations but rather write down simple 
effective models and fix their parameters in order to be consistent with PVLAS as well as the 
astrophysical bounds. 

For simplicity we allow in this note only a variation of the coupling g. Suppression via a 
high mass term in the sun environment is more difficult since it involves a strong coupling to 
generate the high mass (for more details see 5 ) .  In addition, we will restrict the dependence to 
a single parameter a = p, T, etc .. We are mainly interested in giving conservative bounds for 
g and the suppression scales involved, so instead of guessing possible dependencies g = g(a) we 
make the calculations with the most optimistic suppression, a step function, i .e. if a > Cl'cri t ,  
g = 0, and the generation of ALP's  in this region is  completely suppressed. 

The macroscopic quantities p, T depend more or less only on the radius. Therefore, we get 
the following simple picture. In the center of the sun (where naively most ALP's would be 
produced) the suppression is switched off while in the remaining shell we have no suppression at 
all. Using this we only need to calculate the production in the outer shell and compare it with 
the production within the whole volume happening in a scenario without suppressiorf, 

production(R > Ro) 
S(Ro) = suppression facto'.' = 

d 
. 

(f 11 ) 
. 

pro uct10n u sun 
(7) 

We treat the emission of ALP's as a small perturbation of the solar model and therefore can 
compute the emission of these particles from the unperturbed solar model. We have chosen the 
BP2000 of Bahcall et al w The suppression factor S for some radii is given in Tab. 3. 

Similar reasoning can be applied to (q) . However, writing down a model it is preferable to 
use directly the microscopic quantity q. In this situation one has to perform the thermal average 

cFor CAST actually one has to take into account that the CAST detector measures a number and not an 
energy flux and is only sensitive in a certain energy range. This gives a slightly modified suppression factor S 
(see 5 ) .  
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over the scattering processes (see 5 ) .  For the suppression factors in the range 10-4 - 10-20 the 
resulting critical q lie in the meV - eV range. 

Using Eqs. (4) and (5) we find that a suppression 

(8) 

is needed to achieve a less restrictive boun<l 9supp · 

The necessary critical values for the temperature, density and momentum transfer for certain 
suppression factors can be read off from Tab. 3. It is rather obvious that none of these values 
is very extreme. However, one has to compare to the values in PVLAS. These are even smaller. 

PPVLAS < 2 x 10-5g cm-3 ,  T < 300 K ::::: 0.025 eV, q � 10-6 eV. (9) 

Hence, we have room for some exotic possibilities. Even a suppression factor of 10-20 is 
marginally possible, allowing for the PVLAS result. This gives the red (large) shaded region in 
Fig. 1 .  For a somewhat more conservative suppression factor we find the green (smaller) shaded 
region in Fig. 1 .  

4 Conclusions: We need lab experiments! 

Naively, the particle interpretation of the PVLAS data is in conflict with astrophysical bounds. 
If we allow for an interaction between photons and axion like particles (ALP's) that depends on 
other physical quantities (density, temperature and momentum are candidates) , the production 
of ALP's can be suppressed and the astrophysical bounds can be evaded. However, the typical 
scales appearing in these models are rather low (typically eV and smaller) and the physics must 
be exotic in this sense. Nevertheless, one cannot rule out these exotic possibilities from the 
start an<l PVLAS is a good motivation to look more closely. Since astrophysical bounds can be 
evaded, a true test can only come from laboratory experiments where we have control of the 
environmental parameters. A conclusive answer about the particle interpretation of PVLAS can 
come in particular from so called light shining through walls experiments, where the photon 
not only disappears but is regenerated. It is exciting that experiments of this type with enough 
sensitivity to test PVLAS could be built in the next one or two years. An example of such an 
experiment is APFEL (axion production by a free electron laser) which has been proposed at 
DESY (see also Fig. 1 )  and is sensitive enough to test PVLAS13 .  

J. Jaeckel would like to thank the organizers for the wonderful conference. 
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STATUS AND OUTLOOK OF THE EDELWEISS WIMP SEARCH 
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EDELWEISS is a direct dark matter search using cryogenic germanium heat-ionisation de­
tectors, located in the Modane underground laboratory beneath the Alps. We summarize the 
final results of EDELWEISS I,  which deployed up to almost one kg of detectors in its final 
stage. EDELWEISS II recently started commissioning runs. With an increased detection 
mass and better shielding, this stage aims to gain two orders of magnitude in sensitivity and 
to serve as a test bed for a larger, ton-scale experiment. 

1 Introduction 

Understanding the nature of dark matter in the universe is a major challenge for modern cosmol­
ogy and astrophysics. One of the well-motivated candidates is the particle generically named 
WIMP (Weakly Interacting Massive Particle) ,  such as the lightest supersymmetric particle. The 
main constraints when attempting to detect WIMPs are low event rate (less than a few events 
per kg of detector and per year) and small recoil energies (a few ke V) . 

EDELWEISS (Experience pour Detecter les WIMPs en Site Souterrain) is a direct dark mat­
ter detection experiment using the elastic scattering of WIMPs off target nuclei. EDELWEISS is 
situated in the Modane Underground Laboratory, in the Frejus highway tunnel between France 
and Italy. An overburden of 1700 m of rock, equivalent to 4800 m of water, reduces the muon 
flux down to 4.5 µ/m2 /day, that is about 106 times less than at the surface. 

2 EDELWEISS I final results 

EDELWEISS uses cryogenic germanium detectors, in a dilution fridge working at about 17 mK. 
Each detector has a NTD-Ge thermistor that measures the heat signal and two Al electrodes 
for the ionisation. 1 This technique of measuring two signals simultaneously allows an event by 
event discrimination between electronic (induced by photons or electrons) and nuclear (induced 
by neutrons or WIMPs) recoils (Fig. 1 ) .  2 

EDELWEISS I used 320 g Ge detectors during several campaigns. Between 2002 and 2003, 
three 320 g detectors have been operated simultaneously in a cryostat shielded by 10 cm of Cu, 
15 cm of Pb, 7 cm of internal roman Pb and 30 cm of paraffin. After a total fiducial exposure 
of 62 kg·day with an effective threshold of 15 keV, 59 events have been observed in the nuclear­
recoil band. 3 As shown in Fig. 3, most -of the events are at low energy, between 10 and 30 keV. 
The simulated spectra of WIMPs having a scattering cross section on nucleons of 10-5 pb and 
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masses of 20, 40, 100 and 500 Ge V / c2 show that the events in the nuclear recoil band can not be 
explained by a single WIMP mass, a part of the spectrum has to be attributed to a non-WIMP 
background. 

The two main sources of background that can mimic WIMP events are the mis-collected 
ionisation events and the neutrons. A two detector coincident event with both hits in the nuclear 
recoil band has been observed. The most likely source of this event is a neutron scattering. 
Monte-Carlo simulations predicted about two neutron single events for a total exposure of 62 
kg·day. Nevertheless, the exclusion limit in Fig. 2 is derived without any background subtraction. 
It confirms, after a longer fiducial exposure, the previously published EDELWEISS I limits 4 . 

EDELWEISS I, once the most sensitive direct dark matter search, became limited mainly 
because of the radioactive background (neutrons and surface events) and detection mass (the 
cryostat could not host more than three 320 g detectors). Therefore, the experiment has been 
stopped in March 2004, and is now replaced by EDELWEISS IL 

3 EDELWEISS II 

The second stage of the experiment is EDELWEISS IL By diminishing the radioactive back­
ground and increasing the detection mass, it should gain a factor of 100 in sensitivity compared 
to EDELWEISS I. Among the numerous improvements in EDELWEISS II, the main ones are: a 
new, larger, low consumption cryostat, a larger detection mass, improved detectors, new shield­
ings and an active muon veto, a class 100 clean room, new electronics and acquisition system. 

In order to host up to 120 detectors, the new cryostat is larger (50 1) and has an innovative 
reversed geometry. Three pulse tubes replace liquid nitrogen cooling and a cold vapor reliquefier 
reduces helium consumption. The compact and hexagonal arrangement of the detectors should 
increase the neutron coincidence rate. 

3.1 Radioactive background 

The main limiting factor for EDELWEISS I was the radioactive background. 
In a Ge detector, the ionisation signal coming from particles that interact very close to the 

surface can be mis-collected, hence the resulting events appearing in the nuclear recoil band. 
One way of dealing with this problem is by depositing a 60 nm Ge or Si amorphous layer 
on the crystal surface which diminishes the number of surface events 8 . All detectors used for 
EDELWEISS I 2002-2003 runs had such layers. Concentric electrodes provide a radial sensitivity 
allowing io select events occuring in the central part of the detector 9 where the electric field is 
more homogeneous and the detector better shielded from its environement. 

A promising R&D project on surface events uses the sensitivity of NbSi thin film thermome­
ters to athermal phonons 10 . As surface events have a higher athermal component , they can 
be identified and excluded during analysis. A 200 g detector with NbSi thin films on each end 
has already been tested in the EDELWEISS I cryostat with good results 10 and is part of the 
EDELWEISS II setup for the first commissioning runs. 

High energy neutrons are hard to moderate and can penetrate the shielding. When inter­
acting with the detector, neutrons can mimic WIMP events, therefore they are an important 
issue for EDELWEISS II. Some of the ways of dealing with this problem in EDELWEISS II are 
a better shielding, a muon veto and the increase in the number of neutron coincident events. 
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3.2 SciCryo 
Another R&D project, Sci Cry& , studies the possibility of using heat-scintillation bolometers 
for dark matter detection. For now, SciCryo has focused on light targets, complementary to Ge 
detectors and interesting for both neutron detection and spin-dependent interactions. So far, 
the most promising light target is Al203 . Several nominally pure sapphire crystals have been 
tested in Lyon at room temperature and all of them have been seen to scintillate. Some of the 
crystals have also shown very encouraging low temperature light yields in tests performed at the 
IAS and the MPP. As a result of these tests, a 50 g IAS sapphire heat-scintillation detector has 
been included in the first EDELWEISS II commissioning runs to check its compatibility with 
the setup. 

3.3 EDELWEISS II near future 
Since January 2006, commissioning runs are taking place in order to check the level of micro­
phonics and to test the new electronics and acquisition system. For now, eight detectors have 
been mounted in the cryostat: 4 Ge/NTD EDELWEISS I detectors, 2 new 320 g Ge/NTD de­
tectors and 2 R&D detectors (a 200 g Ge/NbSi and a 50 g sapphire heat-scintillation detector) .  
The goals for this year are to increase the number of bolometers to 28 and to define the next 
stage that may include up to 120 detectors. 

4 Conclusion 

EDELWEISS I, once the most sensitive direct dark matter search has been stopped in 2004. An 
important result of EDELWEISS I was the identification of the two main sources of background, 
surface events and neutrons. EDELWEISS II should gain a factor of 100 in sensitivity thanks to 
improved detectors, shielding, cleanliness and a higher detection mass. The main R&D projects 
concern the NTD and NbSi Ge detectors as well as the cryogenic heat-scintillation detectors. 
Preliminary results are expected in 2006. 
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Figure 1: Ratio between the ionisation and the recoil energy versus the recoil energy. The separation between 
the electronic and the nuclear recoil band is excellent down to an energy of about 15 keV. 
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Figure 2: Spin independent exclusion limits on WIMPs, obtained with standard astrophysical assumptions within 
a 903 C.L .. Solid dark curve is the EDELWEISS I final limit, dashed curve is the CRESST limit from Ca WO. 5 ,  
solid light curve is the CDMS limit from the Soudan mine 6 and closed contour is the allowed region a t  3 o- C.L. 
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Figure 3: Energy spectrum of the EDELWEISS I experimental data compared to simulated spectra for different 
WIMP masses in the range of interest. 
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Galactic hidden compact objects: the EROS results 

M. Moniez 
Laboratoire de l 'Accelerateur Lineaire, IN2P3 CNRS, Universite Paris-Sud, 91405 Orsay Cedex, France 

We present the results of the EROS2 search for the hidden galactic matter of the halo through 
the gravitational microlensing of stars in the Magellanic clouds. Microlensing was also searched 
for and found in the Milky-Way plane, where foreground faint stars are expected to lens 
background stars. A total of 67 million of stars were monitored over a period of about 7 years. 
Hundreds of microlensing candidates have been found in the galactic plane, but only one was 
found towards the bright -well measured- subsample of the Magellanic stars. This result 
implies that massive compact halo objects (machos) in the mass range io-7 Mo < M < 5Mo 
are ruled out as a major component of the Milky Way Halo. 

1 Introduction 

From 1990 to 2003, EROS team has performed a large program of microlensing survey towards 
the Magellanic Clouds (LMC and SMC) , the Galactic center (CG) and the Galactic spiral arms 
(GSA), as far as 55° longitude away from the galactic center. Gravitational microlensing 1 1  
occurs if a massive compact object passes close enough to the line of sight of a star, temporarily 
magnifying its light. In the approximation of a single point-like object moving with a relative 
constant speed in front of a single point-like source, the visible result is an achromatic and 
symmetric variation of the apparent source luminosity as a function of time. The "lensing time 
scale" tE, given by the ratio between the Einstein radius of the deflector and its transverse speed 
Vr, is the only measurable parameter bringing useful information on the lens configuration: [ Vr ] - l [ M ] �  [ L ] �  [x( l - x) ] �  

tE(days) = 78  x lOOkm/s x M0 x 10 Kpc x 0.5 ' 

where L is the distance to the source, xL is the distance to the deflector and M its mass. The 
optical depth T towards a target is defined as the average probability for the line of sight of a 
target star to intercept the Einstein ring of a deflector (magnification > 1 .34) . 

2 Observations and data reduction 

EROS2 uses a � 1 deg2 CCD mosaique mounted on the MARLY 1 meter diameter telescope 
installed at the La Silla ESO observatory (see 6 and references therein). We monitored 98 deg2 
in the Magellanic Clouds, 60 deg2 in the CG, and 29 deg2 in the GSA. Images were taken 
simultaneously in two wide passbands. To a precision of � 0 .1  mag, the Eros magnitudes satisfy 

Reros = le Beras = Vi - 0.4 CVJ - le) .  

Each field has been measured at least a few hundred times in each passband. 
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The production of light curves proceeded in three steps : template images construction, star 
catalog production from the templates, and photometry of individual images to obtain the light 
curves. Our catalogues contain about 29.2 x 106 objects from the LMC, 4.2 x 106 from the 
SMC, 20. x 107 from the CG and 13.3 x 107 from the GSA. After alignement with the catalogue, 
photometry is performed on each image with software specifically designed for crowded fields, 
PEIDA (Photometrie et Etude d'Images Destinees a l'Astrophysique) 4 •  

3 Using the brightest stars to escape the blending problems 

Using sophisticated simulations, we found that the optical depth underestimate due to the mi­
crolensing magnification underestimate induced by source confusion (blending) is compensated 
by extra events due to faint stars within the seeing disk of resolved objects. Nevertheless, consid­
ering the size of the effects, we decided to consider only the subsample of the brightest stars, that 
do much less suffer from blending complications, to obtain reliable microlensing optical depth 
estimates towards the Magellanic clouds and the Galactic center. We then concentrated on the 
clump red-giant stars towards the CG, and on the stars with Reros < 18.2 to 19.7 (depending on 
the field density) towards the LMC. Another advantage to use these brightest stars is that they 
also benefit from the best photometric resolution. The philosophy is somewhat different towards 
the Galactic spiral arms, because of, contrary to the other targets, the distance of the sources is 
widely distributed and poorly known. We therefore decided to keep all the stars for the optical 
depth estimates, and to define the concept of "catalogue optical depth" , that is relative to our 
specific catalogue of monitored stars. The interpretation of this optical depth requires a careful! 
modelisation of the galaxy plane as it results from an average of optical depth on a continuum 
of source distances. The final sample of light-curves on which we have searched for microlensing 
then contains respectively 6.05 x 106 and 0.9 x 106 bright stars towards LMC and SMC, 5.6 x 107 
clump-giant stars towards the CG and 13.3 x 107 stars towards the GSA. 

4 The search for lensed stars 

Before the analysis is started, we remove from the light curves measurements taken in far from 
normal conditions. The general philosophy for the event selection is common to all the targets. 
The details vary with the monitored population, through the magnitudes, the typical exposure 
durations, the sampling and the seasonal observation conditions. Here we will only give the 
general outline of the selection. Details on the analysis of CG and LM C can be found in 9 and 12. 

We first searched for bumps in the light curves, that we characterized by their probability 
to be due to accidental occurence on a stable star light curve. We select the light curves that 
have a significant positive fluctuation in both colours with a sufficient time overlap. To reject 
most of the periodic or irregular variable stars, we remove the light curves that have significant 
other bumps (positive or negative) . After this filtering, the remaining light curves can be fitted 
for the microlensing hypothesis, and the final selection is based on variables using the fitted 
parameters. We apply criteria devised so as to select microlensing events, keeping in mind that 
such analysis should also detect events with second order effects such as parallax, binary lens . . .  
Specific rejection criteria against background supernovae have also Deen applied towards the 
Magellanic clouds. We estimate our detection efficiency using the technique of the superposition 
of simulated events on experimental light curves from an unbiased sub-sample of our catalogues. 

5 Candidate sample 

We found 120 events towards the sample of clump-giants of the CG 9, 26 events towards the 
GSA, and only one event 1 (see Fig. 1 ) towards the bright stellar population of SMC/LMC. 
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Figure 1: Light-curve of the SMC 
microlensing event in the EROS 

red-passband. 

With respect to previous EROS publications 3•10, the number of events towards LMC/SMC has 
changed. Amongst the reasons are the fact that we now concentrate on the bright stars, and 
the fact that candidates died because they exhibited another significant bump yearll after their 
selection. 

6 Discussion. Limits on the abundance of machos 

We find that the optical depths towards the CG and the 4 targets in the GSA are in good 
agreement with the predictions from the galactic models 9•7 (Fig. 2) .  
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Figure 2: Measured and expected optical depth as a function of 
the galactic latitude {v.p) and of the galatic longitude {right}. 
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In contrast, we have found only one event towards the Magellanic clouds, whereas � 50 events 
would have been expected if the halo were entirely populated by objects of mass 0.2M0 < M < 
0.8M0. We then deduce an upper limit on the contribution of the compact objects to the so­
called standard spherical halo (see Fig. 3) .  This limit can also be expressed in optical depth. 
In the tE range favored by the M AC HO collaboration, we find 7\mc < 0.3 x 10-7 at 95% CL, 
in clear conflict with the value of the MACHO collaboration, 7\mc = l .2�8:j x 10-1, based 
on the observation of 1 7  events 2 . For the SMC, the one observed event corresponds to an 
optical depth of 1 .7  x 10-1. Taking into account only Poisson statistics on one event, this gives 
.085 x 10-7 < Tsmc < 8.7 x 10-7 at 95% CL. This is consistent with the expectations of lensing 
by objects in the SMC itself 8 , Tsmc-smc � 0.4 x 10-1. The value of tE = 120 days is also 
consistent with expectations for self-lensing as (tE) � 100 days for a mean lens mass of 0.35M0 .  
We also note that the self-lensing interpretation is favored from the absence of an indication of 
parallax in the light curve 5 .  

There are considerable differences between the EROS and MACHO data sets that may ex­
plain the conflict. Generally speaking, MACHO uses faint stars in dense fields ( 1 .2 x 107 stars 
over 14 deg2) while EROS2 uses bright stars in sparse fields (0.7 x 107 stars over 90 deg2) .  As 
a consequence of the use of faint stars, only two of the 17 MACHO candidates are sufficiently 
bright to be compared to our bright sample (and the corresponding events occured before EROS 
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Figure 3: The solid line shows the EROS upper limit on the contribution of compact objects to a standard 

spherical Galactic halo, as a function of their mass, based on zero observed L M C  events and assuming that the 

one observed S M C  event is not due to halo lensing. 

data taking) .  The use of dense fields by the MACHO group also suggests that the higher MA­
CHO optical depth may be due, in part, to self lensing in the inner parts of the LMC. The 
contamination of irregular variable objects faking microlensing in low photometric resolution 
events should also be stronger in the faint sample of stars used by MACHO. As already men­
tionned, another problem with the use of faint source stars is the large blending effects that 
must be understood. The experience with the use of faint stars in the Galactic Bulge suggest 
that the uncertainty induced by the blending effects in such a sample may be underestimated. 

7 Conclusions 

The EROS and MACHO programs were primarily motivated by the search for halo brown 
dwarfs of M � 0.07 M0. EROS has demonstrated its sensitivity to microlensing events, finding 
microlensing rates compatible with the predictions of the galactic models in the Galactic plane. 
The lack of events towards the Magellanic clouds clearly indicates that the Galactic hidden 
matter is not made of compact objects in the mass range 10-7 M0 < M < 5M0.  Whatever the 
source of the disagreement between EROS and MACHO on this subject, we can hope that new 
data from the OGLE3 , MOA and SUPER-MACHO collaborations will settle the matter. 

1 .  Afonso, C . ,  et al. ,  ApJ 400, 951 (2003) 
2. Alcock, C., et al. (MACHO coll.) ApJ 541, 734 (2000) 
3. Ansari, R., et al. (EROS-1 coll. ) ,  A&A 314, 94 ( 1 996) 
4. Ansari, R. (EROS-2 coll . ) , Vistas in Astronomy 40, 519 ( 1 996) 
5. Assef, R.J . ,  et al, astro-ph/06041 47, 2006, submitted to ApJ. 
6. Bauer, F. et al . ,  Proc. of the "Optical Detectors for Astronomy" workshop, ESO, 1 997 
7. Derue F., et al. (EROS-2 coll . ) ,  A&A 373, 126 (200 1 )  
8 .  Graff, D. & Gardiner. L .T . ,  MNRAS 307, 577 ( 1999) 
9.  Hamadache, C .. et al . ,  astro-ph/06015 10. accepted for publication in A&A 

10. Lasserre, T. et al . ,  A&A 355, L39 (2000) 
1 1 .  Paczynski, B . ,  ApJ 304, 1 ( 1 986) 
12. Tisserand, P. 2004, Thesis U niversite de Paris VI, http://tel. ccsd. en rs.fr/ 

3 1 9  



SLAC-PUB- 1 1863 

Search for Gamma-rays from Lightest Kaluza-Klein Particle 
Dark Matter with GLAST 

E.Nuss" .. J.Cohen-Tanugib and A .Lionettoc 
on behalf of GLAST LAT Dark I\Iatter and New Physics \Vorking Group 

a LPTA Montpellier II University 
b Stanford Linear Accelerator Center, Stanford, California 

c Physics Department 8 INFN Roma Tor Vergata 

The Gamma-Ray Large Area Space Telescope (GLAST), scheduled to be launched in 2007, is 
the next generation satellite for high-energy gamma-ray astronomy. The Large Area Telescope 
(LAT), GLAST main instrument, has a wide field of view (> 2 sr), a large effective area and 
a 20 MeV - 300 GeV energy range. It provides excellent high-energy gamma-ray observations 
for Dark-Matter searches. Here we study the possibility to detect gamma.rays coming from 
Lightest Kaluza-Klein Particle (LKP) annihilations in the context of the minimal Universal 
Extra Dimensions (UED) models. \Ve perform the analysis for different LKP masses and for 
a Galactic Center (GC) Navarro, Frenk and White (NFiiV) halo model modified by a boost 
factor parameter. Finally we give an estimate of the background to obtain the expected total 
gamma-ray flux and the corresponding expected GLAST sensitivity. 

1 Introduction 

The nature of the Cold Dark Matter (CDM) is probably one of the most outstanding open 
questions in present day Cosmology. It has been a subject of special interest to high-energy 
physicists, astrophysicists and cosmologists for many years. According to a wealth of observa­
tions and arguments, such as excessive peculiar velocities of galaxies within clusters of galaxies 
or gravitational arcs, it can make up a significant fraction of the mass of the universe. On 
the galactic scale, dark matter halos are required to explain the observed rotation curves in  
spiral galaxies or  the velocity dispersion in elliptical galaxies. Virtually all proposed candidates 
require physics beyond the standard model of particle physics and could be detected through 
stable products of their annihilations: energetic neutrinos, antiprotons, positrons, gamma-rays 
etc. Supersymmetric extensions of the standard model of particle physics provide a natural 
candidate for CDM in the form of a stable uncharged Majorana fermion (Neutralino) .  However, 
Kaluza-Klein (KK) Dark Matter in the framework of Universal Extra Dimensions (UED) has 
been proposed 1 as an interesting alternative scenario and received much attention in recent 
years. 

Hereafter, we briefly report on the potential of the GLAST high-energy gamma-ray telescope 
to detect KK Dark Matter indirectly through their annihilation in the halo of the galaxy. 

2 The Gamma-ray Large Area Space Telescope (GLAST) mission 

GLAST is an international satellite-based observatory that will study the gamma-ray Universe 
a. Its main instrument, the Large Area Telescope (LAT) ,  is a modular 4x4-tower pair-conversion 
telescope instrumented with a plastic anticoincidence shield which vetoes charged cosmic rays, 
a tracker of silicon strip planes with foils of tungsten converter followed by a segmented CsI 
electromagnetic calorimeter. A photon traversing the tracker will have some probability of 
converting into the tungsten foils, thus forming an electron-positron pair, subsequently tracked 

" For more details, see the GLAST website at: http://glast.gsfc.nasa.gov/ 
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by the silicon strip detectors. The reconstructed trajectories of this pair, together with their 
energy deposition in the calorimeter, allows to reconstruct the direction and energy of the 
incident gamma-ray photon. The main characteristics of the full LAT detector, i .e. the effective 
area, point spread function and energy dispersion, have been obtained from detailed Monte 
Carlo studies and parameterized by a series of functions: the Instrument Response Function 
(IRF) b . The LAT takes much of its basic design concept from its predecessor EGRET but the 
energy range (20 MeV-300 GeV and above),  field-of-view (greater than 2 steradians) and angular 
resolution will provide the LAT with a factor �30 better sensitivity. This improvement should 
allow the LAT to detect several thousands of new high-energy sources and shed light on many 
issues left open by EGRET. 

A detailed description of GLAST science prospects and an introduction to the experiment 
can be found in 2 . The LAT is now completed, and represents the largest silicon strip detector 
ever built. It will undergo environmental testing soon, and then will be handed to the spacecraft 
vendor for integration. 

GLAST is scheduled for launch in September 2007. 

3 Kaluza-Klein Dark Matter with GLAST in minimal universal extra dimensions 
models 

Models with extra spatial dimensions predict a tower of Kaluza-Klein (KK) particles for every 
field that propagates in the higher dimensional bulk. In universal extra dimensions models 
(UED ) ,  all standard model fields propagate and it is natural to attempt to identify one of these 
KK particles with dark matter. 

Here, we will consider the simplest, five-dimensional model with one compactified UED on 
an S1 / Z2 orbifold of radius R. As the extra dimensions are compactified on orbifolds, a discrete 
symmetry, called KK parity, is preserved and ensures the stability of the lightest KK particle 
(LKP) .  Then, as the LKP is neutral with respect to the SM gauge groups with a mass (which 
is inversely proportional to the compactification radius R) at the weak scale, an excellent dark 
matter candidate naturally emerges in a stable WIMP with relic density naturally in the right 
range 1 . In supersymmetric theories superpartners differ in spin by 1/2 ,  while in scenarios with 
extra dimensions, the excited KK states have the same spin as their ground state standard model 
partners. A one-loop calculation shows that the LKP is likely to be associated with the first 
KK excitation of the photon, more precisely the first excited KK state of the hypercharge gauge 
boson B. The B(l) relic density depends on the mass spectrum and the coannihilation channels. 
It was shown 1 that the limit from the Wilkinson Microwave Anisotropy Probe (WMAP) of 
DcnMh2 = 0 . 12  ± 0.02 corresponds to 500 GeV ;S msllJ  ;S 1000 GeV where h is the Hubble 
constant. The lower bound on the B(l )  mass in UED models excludes any possibility of gamma­
ray line signal from UED models with GLAST (E.y ;S 300 GeV) and we will therefore concentrate 
on continuum spectra. 

Unlike the supersymmetric case, charged lepton production is not helicity suppressed and 
then, the suppression factor associated to Majorana fermion dark matter does not apply. At tree 
level, the branching ratios for B(1) pairs annihilation are 1 quark pairs (353),  charged lepton 
pairs (593), neutrinos (43 ) ,  charged ( 13)  and neutral (0.53) gauge bosons, and Higgs bosons 
(0. 53) .  

We will consider the primary gamma-rays from cascading decays of qij final states and. as 
proposed in 3 ,  we will also consider secondary gamma-rays from radiative photon emission of 
high-energy charged leptons and the semi-hadronic decays of T leptons. For primary gamma­
rays, we will use the approximation of Fornengo et al 4, who have used the PYTHIA Monte Car lo 

b http:/ /www-glast.slac .Stanford. edu/ software/IS/ glasLlat _performance . html 
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code to parametrize dN�,T /dE for quarks and T leptons with a center of mass energy of 1 TeV .  
Using DarkSusy 5 simulations, we checked that the approximations was still valid for  the energy 
range we have considered (m8( 1 J  = 500 , 800 and 1000 GeV) .  We neglect the few percent going 
into vV, Z, and Higgs final states. For secondary gamma-rays from charged leptons, we will use 
de analytic computation given in Bergstrom et al 3. 

Following 6 ,  the differential gamma-ray flux from dark matter particle annihilation in the 
GC can be written as 

q, 
= 

]_ (N,
,
uv) 1 f p2 (l ) dl ( 1f;) dO 1 

47f 2m�( l J .:.!1 l!ine of sight 

where the integral runs along the line of sight, in a direction making an angle 1f; respect to the 
direction of the GC and li.O, the angular acceptance of the detector. m81 1 1  is the mass of the 
LKP and N1 is the total number of photons per annihilation above a given energy threshold 
Eth ·  The annihilation cross section (uv) can be computed in the non relativistic expansion limit 
( (uv) '.::o'. a + bv2 )  from 1 .  Here we are only concerned with the annihilation into fermions f 
which, is given by < /3u8( 1J B < 1 J _,Jf >v-+o= 0.518 x ( 1  TeV/mB( l i )2 pb. In order to separate the 
factors depending on the profile from those depending only on particle physics, we introduce the 
quantity J(1f;) , as defined in 6 and ](D.O) ,  the average of J('lj;) over a spherical region of solid 
angle li.O, centered on 1/' = 0. We can then express the differential flux from a solid angle ti.n 
as 

d<I>, = 1 .4 1 0-s dN, ( 1  TeV) 4 
](D.O) x ti.n m-2 s- 1  

dE1 dE mB(l )  
The details of the dark matter distribution in the Galactic halo remains rather uncertain. 

Numerical N-body simulations favor cuspy halos, with radial density distributions ranging from 
r- 1 to r- 1 .5 in the inner regions 7•8. Bearing these uncertainties in mind, we will assume a 
moderately cuspy (r - 1 ) Navarro, Frenk and White (NFW) profile with a boost fact.or b. The 
boost factor parameter allows for deviation from a pure NFW profile (for which b = 1 ) .  It can 
be as high as 1000 in case of adiabatic compression effects 9 .  

The total number o f  photons per B(l )  B(l )  annihilation i s  given by dN1/dE = I;, B,dN1i /dE 
where the sum is over all processes that contribute to primary and secondary gamma-rays with 
Bi the corresponding branching ratio. 

In the left panel of Fig . 1  we show (for comparison with Bergstrom et al 3) the differential 
spectra we computed for a 800 GeV LKP with a boost factor b '.::o'. 200 in considering a region 
of 10-5 sr around the GC. We also show the various contributions to the differential flux as 
discussed above. In the right panel , we plotted the (normalized) differential spectra obtained 
for a GOO, 800 and 1000 GeV LKP as compared with a E-2 spectra and a typical mSUGRA 
neutralino of 500 GeV. We clearly see that in the energy range we have considered for GLAST 
(5 GeV-300 GeV) the differential flux of the KK particle is close to a E-2 spectrum which is 
typical from standard astrophysical source : the connection with ground based Cherenkov arrays 
will be needed to disentangle both KK signal from standard astrophysical one. We can also see 
that the KK spectral shape is weakly dependent on the B(l )  mass and we will only consider the 
500 Ge V LKP spectra in our simulations. 

4 Simulations and preliminary LAT sensitivity to Kaluza-Klein Dark Matter 

Using the differential spectra obtained for a 500 GeV LKP as described in the previous section, 
we performed a full detector simulation including the latest IRF, orbit dependent effects. dead 
time and South Atlantic Anomaly for one year operation. Using a modeling of the astrophysical 
sources, we simulated a 30 degree radius FOV centered at the GC with a NFW dark matter 
profile and mBl l '  '.::o'. 500 GeV.  We also simulated the diffuse background based on GALPROP 
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Figure 1: Various contributions to the differential spectra (left) for a 800 GeV LKP and 500,800 and 1000 GeV 
spectra (right) as compared with E-2 and typical mSUGRA neutralino of 500 GeV differential spectra. 

code (point source substracted). For Eth = 5 GeV and t.O = 0.84 sr, the total integrated flux 
leads to the 5 a sensitivity flux <l>-y (t.O, E-y 2: Eth) = 4 10-4 m-2 s-1 . For comparison, a NFW 
profile with a 500 GeV LKP leads to <l>-y(l:.O, E-y 2: Eth) = 2 10-5 m-2 s-1 which shows that a 
moderate boost factor of b '.::::'. 20 is needed to reach the 5 a sensitivity. 

5 Conclusions 

In this paper we computed a preliminary GLAST-LAT sensitivity to indirect gamma-ray signa­
ture of KK dark matter, based on the best simulations currently available to the LAT collab­
oration. Despite its dependancy on a still unprecisely known background, our estimate shows 
that the GLAST telescope, should be capable of searching for Kaluza-Klein dark matter in the 
energy range E-y 2: 5 GeV with moderate boost factors. However, due to the ,..., E-2 spectral 
shape of the KK spectra in the energy range we considered, joint observations with ground 
based Cherenkov arrays (continuum and gamma-ray lines) will be needed to disentangle KK 
signal from the signal of a standard astrophysical source. 
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Constellation-X will carry out two powerful and independent sets of tests of dark energy 
based on X-ray observations of galaxy clusters: The first group of tests will measure the 
absolute distances to clusters, primarily using measurements of the X-ray gas mass fraction in 
the largest, dynamically relaxed clusters, but with additional con.straining power provided by 
follow-up observations of the Sunyaev-Zel'dovich (SZ) effect . As with supernovae studies, such 
data determine the transformation between redshift and true distance, d( z) , allowing cosmic 
acceleration to be measured directly. The second, independent group of tests will use the 
spectroscopic capabilities of Con-X to determine scaling relations between X-ray observables 
and mass. Together with theoretical models for the mass function and X-ray and SZ cluster 
surveys, these data will help to constrain the growth of structure, which is also a strong 
function of cosmological parameters. 

1 Introduction 

The late-time accelerated expansion of the Universe is now a well measured fact 15•2• 17 . However, 
the underlying cause of this cosmic acceleration remains completely unknown. Assuming general 
relativity, a new energy component of the Universe, so-called dark energy, is required. In order 
to pin down its nature, several future experiments have been projected. 

Con-X a data will constrain dark energy with comparable accuracy and in a beautifully 
complementary manner to the best other techniques available circa 2018. For example, with a 
modest � 10 - 15% {10-15Ms) investment of the available observing time over the first 5 years 
of the Con-X mission, we will be able to measure the X-ray gas mass fraction {or predict the 
Compton y-parameter) to 5% or 3.5% accuracy for 500 or 250 clusters, respectively, with a 
median redshift z � l .  When combined with CMB data, the predicted dark energy constraints 
from Con-X X-ray gas mass fraction data are comparable to those projected by e.g. future 
supernovae, weak lensing and baryon oscillations experiments. Only by combining such inde­
pendent and complementary methods can a precise understanding of the nature of dark energy 
be achieved. 

2 Gas mass fraction, fgas• in X-ray galaxy clusters 

The matter content of rich clusters of galaxies is expected to provide an almost fair sample of the 
matter content of the Universe, Om 20•21•6 . The ratio of baryonic to total mass in these clusters 
should closely match the ratio of the cosmological parameters Ob/Om {where Ob is the mean 
baryonic matter density of the Universe in units of the critical density) . Measurements of the 

a http://constellation.gsfc.nasa .gov/ 
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Figure 1: (left panel) The joint 1 and 2 a contours on rlm and rlA from the current Chandra /gas(z) data (red; 
Allen et. al 2006, in preparation) .  Also shown are the constraints from SNia (green; Riess et al. 2004) and CMB 
studies (blue; WMAP+CBI+ACBAR). The same contours from the analysis of the simulated Con-X /gas data 

set of Fig. 2 are shown in orange. These constraints are also shown alone in the right panel of this figure. 

X-ray emitting gas mass fraction as a function of redshift can also be used to measure cosmic 
acceleration directly. 

Measuring fg313 (z), the ratio of X-ray gas mass to total mass within a radius corresponding to 
a fixed overdensity of 2500 times the critical density using current Chandra X-ray Observatory 
data of the largest, dynamically relaxed clusters in the Universe 1 •2•3 b, provide us with one of 
our most accurate measurements of nm and a > 99.99% significant detection of the effects of 
dark energy (cosmic acceleration) on distances to the clusters at the observed redshifts. 

The observed f g313 values for a chosen reference cosmology are fitted with a model that 
accounts for the expected apparent variation in fg.,,(z) as the true, underlying cosmology is 
varied 

JACDM ( ) _ " 'b A Z b ,.... [dACDM( ) ] l.S 
&"" 

z - (i + 0.19v'li) nm d'1_0(z) ' (1 )  

where d'1_0 (z) and diCDM (z) are the angular diameter distances (dA = dL/ ( l + z)2) to the clusters 
for a given dark energy (de) model and the reference standard ACDM cosmology, respectively. 
Ho = 100 h km sec-1 Mpc-1 is the present Hubble parameter and b is the 'bias' factor by which 
the baryon fraction is depleted with respect to the universal mean (a small amount of gas is 
expelled by shocks when the cluster forms). As discussed by Allen et al (2004) , a Gaussian prior 
on b = 0.824 ± 0.089 is appropriate for clusters of the masses studied here. 

Current constraints from 41 hot (kT > 5keV) ,  X-ray luminous (Lx > 1045h702ergs-1) ,  
dynamically relaxed clusters spanning the redshift range 0.06 < z < 1.07 are shown in Figure 1 
(red contours) . Rapetti et al (2005, 2006 in preparation) show the complementary nature of the 
/gas,  type Ia supernovae and CMB experiments and its crucial degeneracy breaking power. 

3 Dark energy constraints from Con-X 

Our /g.,, projected from Con-X constraints assume a modest 10-12Ms investment of Con-X 
observing time (approximately 10 per cent of the available observing time over the first 5 years 

bhttp://w.;.,w.stanford.edu/group/xoc/ 
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Figure 2: (left panel) The predicted number density of clusters with bolometric X-ray luminosities Lx > 2 x 
1045h702 erg/s for a cluster survey flux limit of 5 x 10-1• erg/cm2/s in the O.l - 2.4 keV band (red, solid curve). 
The blue, dotted curve shows the results for the same luminosity limit but a flux limit of 10- 12 erg/cm2 /s, 
appropriate for the ROSAT All-Sky Survey 4. These predictions are consistent with the observed number density 
of clusters of similar Lx at lower redshifts in the BCS 5 and MACS 4 samples. (right panel) The predicted fgas (z) 
values for the proposed Con-X survey of 500 clusters with individual fg., uncertainties of 5%. A systematic 

scatter of 4% due to cluster-cluster variations in the bias parameter b is included. 

of the mission) . Using an existing Xray-SZ cluster sample and having identified the 200 -500 
most dynamically relaxed systems from short Con-X snapshot observations (budget 2Ms) , we 
will re-observe those clusters for a further lOMs total. This implies a typical exposure time 
of 20ks for a 500 cluster sample leading to individual statistical error bars in /gas of 53 (our 
analyses include a conservative 43 systematic scatter predicted from cluster to cluster) .  Figure 2 
shows our predicted f gas sample. We analyse this simulated Con-X f gas data set either alone, 
imposing 23 priors on nbh2 and h (Fig. 1, orange contours) or combined with a simulated 
CMB data set as shown in Figure 3. We use 23 priors on b in both cases. For the evolving 
dark energy case of Fig. 3 we obtain comparable results to those projected by supernovae 8 and 
baryon oscillations experiments 9 .  

The combination of X-ray and Sunyaev-Zel'dovich (SZ) data provides a second, independent 
method by which to measure absolute distances to clusters. The observed SZ flux can be 
expressed in terms of the Compton y-parameter. This same Compton y-parameter can be 
predicted from the X-ray data (Ymod ex: J neTdl) ,  with the predicted value depending on the 
assumed cosmology. For the correct cosmology, the observed and predicted y-parameters should 
agree 1 1 •12• 16 • The right panel of Figure 3 shows the projected constraints for a standard ACDM 
cosmology using the 500 cluster sample. 

Clusters of galaxies are sensitive probes of the rate at which cosmic structure evolves. Their 
number density at a fixed mass threshold is exponentially sensitive to the amplitude of linear 
matter density perturbations. The cluster mass function observed at different redshifts con­
strains the perturbation growth parameter, G(z) , which is the second (together with d(z ) ) ,  
crucial dark energy observable. Statistically, detailed studies of a sample of 1000 clusters can 
constrain the growth factor to better than 0.53, leading to constraints on wo to ±0.06 - 0.08 
10• 19•7 .  The primary contribution of Con-X to this work will be the precise calibration of cluster 
mass measurements. 
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Figure 3: (left panel) Results from the analysis of simulated Con-X /gas+CMB data. The CMB data are WMAP 
TT data appropriate for 8 years of that mission 18 .  The 68.3 and 95.4 per cent uncertainties in the ( w0, w') plane 
for the w(a) = wo + 2w' (1 - a) model are shown. No priors on nbh2 , h or nk are assumed in the analysis. (right 
panel) The projected 1, 2 and 3 tJ' constraints for the Con-X X-ray+SZ experiment for the 500 cluster sample 
of Fig. 2 with 53 statistical errors in the predicted Compton y-values. The blue curve shows the result from 
the /gas experiment, as in Fig. 1 (orange) .  The dotted red curve shows the results assuming a combined overall 
23 systematic uncertainty in the normalization of the X-ray and SZ y-values and the solid red curve when the 

systematic uncertainty in this and h (combined) is reduced to 0.13. 

4 Conclusions 

In terms of direct distance measurements the X-ray method provides similar accuracy to SNia 
studies and has several advantages: (i) the physics of galaxy clusters can be well modelled with 
simulations; (ii) clusters can be revisited to improve the signal-to-noise for individual targets; 
(iii) the technique includes complementary constraints on nm from both the normalization 
and shape of the /gas curve; (iv) the combination of /gas+CMB data breaks additional, key 
cosmological parameter degeneracies 13•14 ;  (v) The systematic scatter in the /gas(z) is small 
(undetected and < 10% in current Chandra data) ; (vi) direct checks on the assumptions in 
the /gas method, like the form of b(z), are possible using the X-ray+SZ data. The /gas and 
X-ray+SZ experiments also complement 'cluster counting' experiments excellently in that they 
(i) do not require complete samples but can simply 'cherry pick' the best clusters to work with, 
(ii) do not rely on crude calibration relations to link observables to mass, (iii) do not need to 
model the complex effects of cluster mergers on the observables. 
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PHYSICS AT THE INTERNATIONAL LINEAR COLLIDER 

J. LIST 

DESY, Notkestr. 85, 
22607 Hamburg, Germany 

The International Linear Collider (ILC) is the next large project in accelerator based par­
ticle physics. It is complementary to the LHC in many aspects. Measurements from both 
machines together will finally shed light onto the known deficiencies of the Standard Model 
of particle physics and allow to unveil a possible underlying more fundamental theory. Here, 
the possibilities of the ILC will be discussed with special emphasis on the Higgs sector and 
on topics with a strong connection to cosmological questions like extra dimensions or dark 
matter candidates. 

1 Introduction 

The Standard Model of particle physics (SM) provides a unified and precise description of all 
known subatomic phenomena. It is consistent at the quantum loop level and it covers distances 
down to 10-18 m and times from today until 10-10 s after.the Big Bang. Despite its success, the 
SM has some deficiencies which indicate that it is only the effective low energy limit of a more 
fundamental theory. These deficiencies comprise the absence of experimental evidence for the 
Higgs particle, its number of free parameters and their values, fine-tuning and stability problems 
above energies of about 1 TeV, and, last but not least, its ignorance of gravity. Furthermore, the 
SM contains no particle which could account for the cold dark matter observed in the universe. 

There are good reasons to expect phenomena beyond the SM at the Te V scale, i.e. in 
the reach of the immediate generation of new accelerators. Any new physics which solves the 
hierarchy problem between the electroweak and the Planck scale needs to be close to the former. 
Experimental hints arise from the fits to electroweak precision data, which require either a Higgs 
boson mass below 250 Ge V or something else which causes similar loop corrections. Furthermore, 
most cold dark matter scenarios based on the hypothesis of a weakly interacting massive particle 
favour masses of about 100 GeV. 

If there are new particles "around the corner" , the LHC is likely to discover them. The 
ultimate goal, however, is not only to discover new particles, but to measure their properties 
and interaction with high precision in order to pin down the underlying theory and to determine 
its parameters. In the unlikely case that the LHC will not find any new particles, the task of the 
!LC would be to measure the SM parameters with even higher precision than before in order to 
find out what is wrong with todays fits that point to a light Higgs and new physics at the Te V 
scale. In any case, an electron position collider will provide an invaluable tool complementary 
to the LHC. 
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2 The Accelerator 

Due to the synchrotron radiation, whose power increases with the energy to the forth power, 
storage rings become impractical for electrons or positrons at energies significantly higher than 
those achieved at LEP. Thus, two linear accelerators, whose beams collide in the center, are the 
only way to realise electron positron collisions at center of mass energies of 500 GeV - 1 TeV. 
There is a worldwide consensus to build such a linear collider with the following parameters: 
The center of mass energy should be tunable between 200 and 500 Ge V and upgradable to up to 
1 TeV. The integrated luminosity for the first 4 years should be 500 fb-l and the beams should 
be polarised to 80% for the electrons and up to 60% for the positrons. There should be two 
interaction regions and the experiments should run concurrently with the LHC. 

In the 1990ies, several linear collider projects were developped; the first one to publish a 
technical design report including a full costing was the TESLA project in 2001. In the following 
years there was a competition between designs based on warm or superconducting technology. In 
2004, an international agreement was achieved to use the superconducting technology, because of 
its high energy efficiency, the less stringent alignment tolerances, its use for the planned X-FEL 
at DESY and because its functionality has been demonstrated at the TESLA Test Facility at 
DESY. Since 2005, the Global Design Effort, lead by Barry Barish from Caltech, is coordinating 
the further design of the ILC. Its first achievement was a new common definition of the baseline 
parameters of the accelerator. The next steps will be the costing of the current design by the 
end of 2006 and a full engineering until 2008. 

For a high luminosity machine as the ILC, also the experiments have to fulfill high demands 
on precision. Thus, in parallel to the design of the accelerator, the development of the different 
detector components and the optimisation of their combination is pursued with high intensity. 

3 Higgs Physics 

The last unobserved ingredient of the Standard Model of particle physics is the Higgs boson. It 
gives mass to the originally massless weak gauge bosons and to all quarks and charged leptons, 
and it is essential to keep the theory finite. The most characteristic property of this fundamental 
scalar field is that its couplings have to be proportional to the mass of the particles it interacts 
with - if the interaction with the Higgs field is indeed responsible for the mass generation. 

If the SM Higgs boson exists, it will be discovered at the LHC once the data from about one 
year of running time have been analysed. The LHC experiments will also be able to measure 
quite precisely its mass and the ratios of couplings. 

The ILC on the other hand would be a factory for Higgs bosons, with as many Higgs events 
expected per day as the LHC experiments collect per year. The high production rate and the 
clean environment of an electron positron collider will allow to determine very precisely the 
complete profile of the Higgs boson and thus to establish the Higgs mechanism experimentally 
and to prove that this new particle really is the SM Higgs boson. If it turns out that it is not, it 
might be one of several Higgs bosons appearing in alternative models, e.g. in Supersymmetry. 
Then it is even more important to analyse the profile of all accesible Higgs bosons in order to 
determine the type and the parameters of the underlying theory. 

At the ILC, the SM Higgs boson will be produced by two processes Higgsstrahlung and WW 
fusion, whose Feynman diagrams and cross sections are shown in figure 1 .  The Higgsstrahlungs 
process, which dominates for center of mass energies up to about 300 GeV above the Higgs 
mass, provides the possibility of a decay mode independent mass measurement via the recoil 
mass against the zo boson produced together with the Higgs, which even works for decays to 
invisible particles. In addition, the mass measurement has been studied in many decay channels 
of the Higgs boson. With the detectors planned for the ILC, precisions below 0.1 % are achievable 
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over the mass range favoured by the SM. The WW fusion process is a unique tool for determining 
the total width of the Higgs boson even for low higgs masses, i.e. mH < 200 GeV, by measuring 
the total WW fusion cross section and the branching ration BR(H -+ WW*).  At high masses, 
the Higgs is so broad that its width can be determined directly from its lineshape. The total 
width then gives access to all couplings via measuring the branching fractions. Figure 2 shows 
the expected precision for the different Higgs branching ratios. Especially disentangling decays 
to bb, cc and gg is challenging and requires an excelent vertex detector. 
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Figure 1: Left: Feynman diagrams for Higgsstrahlung (top) and WW fusion (bottom) Right: cross sections of 
the two processes as function of the center of mass energy for Higgs masses of 200 and 320 Ge V. 

The only coupling not accessible in decays is the top Higgs Yukawa coupling 9t due to the 
high mass of the top quark. At the ILC alone, one would need to collect 1000 fb-1 at 800 GeV 
to produce enough e+e- -+ ttH events to reach a precision of 5% to 10% for 9t · A more 
elegant way to extract 9ttH would be to combine the rate measement of qq/gg -+ ttH (with 
the Higgs decaying further to bb or w+w-) from the LHC, which is proportional to g[g�/W 
with the absolute measurements of 9b and gw from the ILC. The mass of the top quark is one 
of the most important SM parameters in order to check the overall consistency of the Higgs 
mechanism. With a scan of the production threshold, the top mass can be measured at the ILC 
to 50-100 MeV and its width to 3-5%. 

The ultimate proof of the Higgs mechanism is the measurement of the Higgs self coupling 
.X, which allows to map the Higgs potential and check the relation between .X, the Higgs mass 
and its vacuum expectation value: .X = m'J.I/2v2 .  This needs Higgsstrahlungs events, where the 
Higgs itself radiates off a second Higgs boson, which leads to 6-fermion final states, including 
6-jet final states. These require an excellent jet energy resolution, much superior to for example 
the LEP detectors. 

Once all Higgs parameters are measured, a global fit to all Higgs properties will answer the 
question if it really is the SM Higgs boson - or for example a supersymmetric one - even if no 
other new particle should be observed at the LHC. Even if other particles will have been already 
discovered, a careful analysis of the Higgs sector is essential to unveil the model beneath the 
new phenomena and to determine its parameters. Figure 2 shows the SM and some MSSM 
expectations in the gi-gw plane and the precisions achievable a the LHC and the ILC. 

If Supersymmetry (SUSY) is realised in nature, there will be at least five physical Higgs 
bosons: two CP-even bosons h and H, similar to the SM one, a neutral, CP-odd boson A, 
and two charged Higgs bosons H± .  In contrast to the SM case, the Higgs masses are not free 
parameters, but depend in on other SUSY and SM parameters . The lightest CP-even Higgs h,  
for example, must have a mass of less than about 135 GeV. Despite its large center of mass 
energy, there are regions in the SUSY parameter space where the LHC can see only one of the 
Higgs bosons, depending on the parameters of the Higgs sector, for example in maximal mixing 
scenario at intermediate values of tan ,6. In these cases, the additional precision information 
from the ILC will be especially important. 
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Figure 2: Left: Expected precision of the Higgs branching ratio measurements at the ILC as a function of the 
Higgs mass 1 .  Right: SM and MSSM predictions for 9ttH vs gww H and expected precision of the corresponding 

LHC and ILC measurements 1 .  

At the ILC, associated hA and HA production allows very precise measurements of the 
SUSY Higgs bosons. As an example, figure 3 shows the reconstructed mass sum and difference 
for HA --7 4b for masses of m H = 250 Ge V and m A = 300 Ge V at a center of mass energy of 
800 GeV. The determination of the spin and the CP quantum numbers of the Higgs bosons via 
their threshold behaviour, their production angles or even via decays into T pairs will then allow 
to disentangle the various Higgs bosons. 
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Figure 3: Reconstructed mass sum and difference for HA -+ 4b for masses of mH = 250 GeV and mA = 300 GeV 
at a center of mass energy of 800 Ge V 1 . 

If there is no light Higgs boson found at the LHC, then the serious questions is: "what 
makes todays precision observables behave as if there were a light Higgs in the loops?" In this 
case, it is especially important to use the ILC's precision to probe virtual effects .  For those, the 
sensitivity of the ILC reaches far beyond its center of mass energy into the multi-Te V range, in 
many cases substantially beyond even the LHC reach. 

4 Dark Matter & Extra Dimensions 

The notion of additional space-time dimensions appears in many theories beyond the Standard 
Model of particle physics . Especially models in which only gravity can propagate in the extra 
dimensions, while all other particles and interactions are confined in the usual four dimensional 
world, are very attractive because they could explain why gravity appears to be so much weaker 
than the other interactions. Inother words, it provides a solution to the problem of the large 
hierarchy between the electroweak and the Planck scale. If such a model is realised in nature, 
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then some of the gravitons produced at the ILC via e+e- --t 1G will escape into the extra 
dimension, producing events with a photon and missing energy and momentum w.r.t. to the 
initial beam particles. The energy dependence of the cross section for this process is closely 
correlated to the number of extra dimensions b. The main background for such processes is SM 
neutrino production with an additional hard initial state photon, which can be suppressed by 
one order of magnitude by chasing the right beam polarisations, allowing thus to determine the 
number of extra dimensions as shown in figure 4. 

Schwerpunktsenergie in  GeV 

Figure 4: Left: Production mechanism for e+e- -+ -yG, the graviton escapes into extra dimensions. Right: The 
cross section of this process as a function of the center of mass energy for different numbers of extra dimensions. 

The points with error bars indicate the precision of the ILC measurements 1 .  

Another intriguing topic for the ILC is the understanding of the dark matter which makes 
up 233 of our universe according to recent cosmological observationSl . The Standard Model of 
particle physics does not contain a suitable candidate to explain this large amount. One type 
of candidates which is predicted in many models beyond the SM are weakly interacting massive 
particles (WIMPs). In Supersymmetry (SUSY) for example, the lightest supersymmetric particle 
(LSP) can be such a WIMP candidate, provided it is electrically neutral, not coloured and stable, 
i.e. if R-parity is conserved. In many SUSY scenarios the lightest neutralino plays this role, 
which would be discovered at the LHC. The observation and even the mass measurement alone 
however do not answer the question whether the LSP accounts for the dark matter in the 
universe. This can only be clarified when all relevant parameters of the model are determined, 
so that the cross section for all reactions of the WIMPs with themselves and/or other particles 
and thus the relic density can be calculated. This is illustrated in figure 5, which shows the 
calculated relic density as a function of the mass of the lightest neutralino in the so called LCCl 
scenario. The yellow band shows the current knowledge of the relic density from the WMAP 
experiment, which is expected to be improved significantly by the Planck satellite in the future 
(green band) . The scattered points result from a scan over the free parameters of this scenario, 
which can for the same LSP mass yield a large variation in the relic density. The light blue and 
dark blue boxes indicate the precision of the measurements at the LHC and ILC, respectively. 
It is evident that only the precision of the ILC can match in an appropriate way the precision 
of the cosmological observations. 

Another unique opportunity for dark matter searches at the ILC opens up independently 
from specific models. By only assuming that WIMPs annihilate into SM particles, one can use 
the observed relic density and crossing symmetries to calculate an expected rate for WIMP pair 
production via e + e- --t XX· The predicted rateS3 show that such events could be observed at 
the ILC by the detection of an additional hard initial state radiation photon, however further 
more detailed studies are needed. 
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Figure 5 :  Dark matter relic density vs  ·wrMP mass in  the LCCl SUS " sc�nario. Possible paramter choices are 
indicated as black dots, which are compared to the sensitivity of present and future measurements from satelite 

and accelerator based experiments 4 •  

5 Conclusions 

New physics phenomena related to the electroweak symmetry breaking are likely to appear at 
the TeV scale and new particles will then be observed at the LHC. However, only high precision 
measurements can unveil the underlying theories at higher scales, as for example the question if 
the strong, electronmagnetic and weak couplings unify indeed near the GUT scale. Maybe the 
extrapolation of couplings and masses will be the only experimental clue to GUT scale physics. 

The physics case for a (sub-)TeV electron positron collider running in parallel with the LHC 
is compelling. The ILC will be ideally suited to map out the profile of the Higgs boson - or 
what ever takes its role - and provide a telescopic view to physics at highest energy scales. 
Furthermore, the ILC will make significant contributions to the understandig of cosmological 
questions like the nature of dark matter. The detector for such a precision machine is a challenge. 
Conceptual detector design choices need to be made in a few years time and must be prepared 
now in parallel to the ongoing R&D for the single detector components. 
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